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Abstract 
 
The rate at which landscapes evolve is limited by erosion in bedrock-floored channels in 
many settings, yet our understanding of erosion rates in bedrock channels remains incomplete.  
Numerical modeling suggests that variable erodibility in bedrock channels at the cross sectional 
scale, generally ignored in most bedrock channel evolution models, influences equilibrium 
channel geometry and slope.  We explore rock erodibility and channel geometry and slope along 
the longitudinal profile of a bedrock river.  Assuming that rock strength is an adequate proxy for 
rock erodibility (Sklar and Dietrich, 2001), we measured in situ rock compressive strength using a 
Type N Schmidt hammer at 17 cross sections along a ~2 km segment of Renick Run, a channel 
floored by limestone in western Virginia.  We observe a statistically significant decrease in 
average rock compressive strength between the thalweg and channel margins in 14 of 17 cross 
sections, with maximum decrease in average rock compressive strength ranging from 21- 58% in 
individual cross sections.  Average rock compressive strength also varies across bedrock 
meanders, where rock compressive strength is greater on the inside of meanders than on the 
outside of meanders.  We speculate that variability in rock erodibility is produced by subaerial 
weathering that acts preferentially on channel margins and the outside of bedrock meanders.  We 
do not observe a correlation between variable rock erodibility and channel geometry and slope, 
but we present evidence suggesting a correlation between variable rock erodibility and stream 
sinuosity.  Comparisons of rock compressive strength in channel cross sections to rock of the 
same lithology exposed on hillslopes show that rock in the channel has both greater and lower 
compressive strength than hillslope rock.  
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Introduction 
Landscape evolution is controlled by the interaction between climate, tectonics and 
surface processes.  The rate at which erosion alters landscapes in response to climatic or tectonic 
forcing is limited by bedrock denudation rates.  Bedrock erosion is dominantly accomplished by 
glacial action and channelized flow.  In non-glaciated settings, bedrock-floored rivers limit the 
rate of landscape evolution by 1) setting erosional boundaries that limit the rate of hillslope 
erosion (Burbank et al., 1996) and 2) communicating climatically and tectonically forced base 
level change through landscapes (e.g Crosby et al., 2007, Berlin and Anderson, 2007).  A 
quantitative understanding of bedrock channel evolution, defined by the character and rate of 
erosion in bedrock channels, must therefore precede accurate landscape evolution modeling.   
In the last decade, field data and numerical modeling have described processes that control 
bedrock channel evolution, including erosional mechanisms within channels (Whipple et al., 
2000), the influence of tectonics and lithology on longitudinal profile characteristics (Whipple, 
2004; Wobus et al., 2006b, Stark et al., 2010) and the role of sediment supply in incision (Sklar 
and Dietrich, 2001; Turowski et al., 2008).  The treatment of other influences on channel 
evolution, most importantly cross sectional geometry, remains relatively rudimentary in current 
numerical models.  Bedrock channel geometry is largely controlled by alluviation and the flux of 
sediment supplied to channel walls, so most channel evolution models assume that channel 
geometry and slope vary systematically with drainage area (Whipple and Tucker, 1998; Whipple, 
2004).  Field observations do not find the relationship between drainage area, geometry and slope 
to apply uniformly (Fig. 1) (Finnegan et al., 2005; Montgomery, 2004; Whipple, 2004; 
Montgomery and Gran, 2001).  It has been hypothesized that weathering of bedrock in channels 
results in an uneven distribution of rock erodibility in cross sections (Howard, 1998; Tinkler and 
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Parish, 1998; Montgomery 2004), but most channel evolution models assume bedrock erodibility 
is consistent at the cross sectional scale (e.g. Stark et al., 2006; Tomkin et al., 2003; Sklar and 
Dietrich, 1998).  Weathering of bedrock in channels may influence channel geometry and slope, 
but few studies focused on the relationship between rock weathering in channels and channel 
form have been undertaken.  Furthermore, quantitative modeling of the relationship between 
weathering and channel geometry and slope lacks supporting field data (Hancock et al. 2011).  
  Recent research has focused o erodibility of bedrock in channels.  Montgomery (2004) 
identified several channel cross sections where weathering of channel banks varied with 
frequency of inundation; infrequently inundated channel margins supported multi-centimeter 
thick layers of highly erodible weathered rind.  Hancock et al. (2011) developed a model of 
12 Mar 2004 0:40 AR AR211-EA32-07.tex AR211-EA32-07.sgm LaTeX2e(2002/01/18) P1: GCE
BEDROCK RIVERS 157
Figure 3 Bedrock channel bankfull width data. Open diamonds: All data from Hack
(1957). Thick solid line and equation are regression fit to these data. Solid black
circles: King Range, CA, high uplift rate zone (Snyder et al. 2003a). Gray squares:
King Range, CA, low uplift rate zone (Snyder et al. 2003a). Thin solid lines: Fits to
Oregon Coast Range data (Montgomery & Gran 2001). Thin, short dashed lines: Fit
to Olympic Mountains data (Montgomery & Gran 2001). Thin, long dashed line: Fit
to Olympic Mountains data (Tomkin et al. 2003). Dash-dot line: Fit to Sierra Nevada
data (Montgomery & Gran 2001). Dotted lines: Fits to unpublished data from the
Longmenshan, China (E. Kirby, written communication, 2003). Thick dashed line: Fit
to gravel-bedded alluvial channels (Parker et al. 2003). Trends from last two data sets
extend to considerably greater drainage areas than shown.
work has been done (Suzuki 1982). Here I present and discuss a compilation
of available data, including a comparison to better-known gravel bedded alluvial
channels (e.g., Parker 1978, Parker et al. 2003).
Although locally variable, bedrock channel width (W) varies systematically
with drainage area (A, proxy for water and sediment discharge) in a manner sim-
ilar to that observed in alluvial channels (Figure 3) (Hack 1957, Montgomery
& Gran 2001, Snyder et al. 2003a, Tomkin et al. 2003, van der Beek & Bishop
2003):
W ∝ A0.3−0.5. (1)
Montgomery & Gran (2001) found that in channels cut into weak rocks there
was no measurable difference in channel width between alternating bedrock and
alluviated reaches, suggesting a fundamental role of bedload flux in setting channel
width in these systems (e.g., Parker 1978, Parker et al 2003). Indeed, the width
of most bedrock channels (shown in Figure 3) is approximately that expected for
gravel-bed alluvial channels with the same drainage area, strongly suggesting that
gravel-bed channel width and bedrock channel width are controlled by the same
physics, at least in these settings. However, in one case in the Sierra Nevada,
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  Variation in Channel Width with Area (Whipple, 2004): Extensive data, here from California (solid black 
circles and gray squares) and Virginia (open diamon s) show that width gener lly scales with drainage area (additional 
regression lines reflect data from the U.S. West Coast and Longmenshen, China).  Note the high variability in the 
observed relationship between width and drainage area.  It is hypothesized that the magnitude of this variation may be 
partially accounted for by the effects of weathering on channel cross-sectional evolution. 
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channel cross sectional evolution that incorporates the effect of weathering on rock erodibility and 
channel geometry.  This model shows that channel geometry and slope are highly sensitive to the 
distribution of rock erodibility at the cross sectional scale, and therefore suggests that weathering 
is a first-order control on channel geometry.  Sparacino (2012), Lamp (2011) and Murphy (2010) 
assessed extent of weathering in several bedrock n the potential connection between weathering 
and variable  streams by measuring rock erodibility and extent of chemical alteration in more than 
30 channel cross sections in ten different channels set in various climatic and lithologic settings.  
The majority of these cross sections show some indication of increasing rock erodibility with 
increasing elevation above the channel thalweg.  Chemical analyses coupled with erodibility 
measurements tend to support the hypothesis that weathering can create spatial variation in 
channel erodibility.  Less clear is the relationship between variable rock erodibility and channel 
geometry.    
A logical next step in understanding the role of weathering in bedrock channel evolution is 
to assess the hypothesized relationship between cross sectional erodibility and channel geometry 
and slope.  Our method expands upon that developed by Sparacino (2012), Lamp (2011) and 
Murphy (2010) by making rock erodibility and cross sectional geometry measurements at 17 
locations along a single channel.  By collecting geometry and erodibility data from one channel, 
we generally control for water and sediment discharge, climate, and lithology.  Aside from 
changes in base level translated through the channel via slope replacement, rock erodibility may 
be the only variable influence on channel geometry and slope at this location.  We assess the 
relationship between rock erodibility and channel geometry and slope in these cross sections.   
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Background 
 Bedrock channels have most recently been defined as those channels that cannot 
“substantially widen, lower, or shift [their] bed[s] without eroding bedrock” (Turowski et al., 
2008).  Channelized flow erodes bedrock in variety of configurations, and channels that support 
even substantial alluvial cover can erode bedrock.  By comparison, erosion in alluvial rivers 
involves only the entrainment, transport and deposition of sediment.  Cross sectional geometry in 
alluvial channels is determined by a geomorphically-effective stream power, whereas bedrock 
channels are shaped by the characteristics of underlying bedrock in addition to sediment and 
water discharge (e.g. Vigilar et al., 1998).  Suspended sediment and bedload erodes bedrock 
channels by abrasion, quarrying (production of loose joint blocks), and cavitation (Whipple et al., 
2000).  The efficacy of any one process varies with flood stage, sediment load, and rock 
characteristics, such as tensile strength and joint spacing (Whipple et al., 2000; Goode and Wohl, 
2010).  
Experimental rock erosion rates closely correspond with sediment supply.  In abrasion 
mill experiments, erosion increases with sediment supply to a threshold value, after which 
sediment protects the bed from further erosion (Sklar and Dietrich, 2001).  That channel bed 
erosion is strongly influenced by sediment cover implies the importance of flood stage in bedrock 
channel incision, in that channel erosion may be strongly dependent on flood events strong 
enough to entrain relatively large fluxes of sediment.  Abrasion mill experiments also show that 
erosion rate corresponds with rock tensile strength (Fig 2) (Sklar and Dietrich, 2001).   
Because rock strength corresponds with rock erodibility, it is reasonable to expect 
variation in rock strength along a bedrock stream to correspond with analogous variation in rock 
erodibility.  Bulk rock strength in bedrock streams varies with lithology, weathering, joint 
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spacing, joint orientation and fracturing (Selby, 1980); changes in these characteristics may 
influence erosion rates in channels.  The controls on the rate of erosion in bedrock channels are 
thus: 1) the frequency distribution of floods and sediment supply 2) cross-channel distribution of 
sediment cover and the predominance of either the tools effect or the cover effect and 3) 
distribution of rock erodibility.  Advanced channel evolution models account for both variable 
flood stage and sediment distribution, but assume fixed erodibility at the channel cross-sectional 
scale (Wobus et al., 2006a, Whipple and Tucker, 1999).   
The assumption of fixed erodibility in channels therefore allows the assumption that 
erosion scales by the following equation: 
E=KAmSn       (Eq.1)	  
Figure 2 Rock Strength and Erosion Rate (Sklar and Dietrich, 2001): Erosion rate varies by several 
orders of magnitude with change in rock tensile strength.  Of particular interest here is the difference in 
erosion rate between weathered and unweathered rocks.  Compare samples 14 and 27 (unweathered 
sandstone and unweathered granite, respectively) to samples 1 and 16 (weathered sandstone and weathered 
granite).  These data suggest a strong, negative relationship between rock tensile strength and erodibility.  
Additionally, these data show that weathering can decrease rock tensile strength and increase rock 
erodibility in a variety of rock types.  
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Where K is an erosivity constant, A is drainage area, S is slope and m and n are constant, positive 
exponents (Whipple et al., 2000).  The erosivity constant K encompasses, among other things, 
rock erosional resistance, climatic conditions and a threshold term derived from the frequency of 
storm events that exceed critical shear stress for incision.  Drainage area is used as a proxy for 
both sediment and water discharge.  Eq. 1 theoretically incorporates channel geometry by the 
relationship: 
         W=cAb         (Eq. 2) 
where W is channel width, A is drainage area and c and b are empirical constants, as channel 
width has been shown to be proportional to drainage area on a large scale  (Fig. 1) (Whipple, 
2004; Snyder et al., 2003a).  Change in channel width is theoretically accounted for in Eq.1 by 
drainage area A and the characteristics encompassed in the erosivity constant K.   
	   The interaction between drainage area, the erodibility of bedrock, channel geometry and 
channel slope is complex and difficult to generalize.  For instance, observations from the Santa 
Ynez Mountains in southern California show that slope can respond to dramatic changes in 
sediment supply in a direction opposite that predicted by lithologic influence (Duvall et al., 2004).  
Several observational studies report highly variable slope-drainage area relationships (Stock et al., 
2005, Duvall et al., 2004).  Additionally, some data show slope-drainage area scaling to be 
consistent with predicted values on a large scale (40 km) but simultaneously show considerable 
slope variability on a smaller scale (<1 km) (Wobus, 2006b).  Acknowledging these 
complications, we hypothesize that weathering of bedrock in channels, largely ignored in in 
simulating bedrock channel evolution, may influence rock erodibility, and therefore channel 
geometry and slope, at the cross sectional scale (Montgomery, 2004; Wohl and David, 2008; 
Hancock et al., 2011).  
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  Montgomery (2004) initially observed the effect of weathering on rock erodibility in 
channel cross sections, where weathering acted predominantly by wetting-drying cycles on 
subaerially exposed channel banks.  A numerical model developed by Hancock et al. (2011) 
tested the effect of weathering on rock erodibility and geometry in channel cross sections that 
evolved under the influence of weathering (Fig 3).  Equilibrium cross sections generated by this 
model suggest that erosion rate limits the influence of weathering on erodibility, and that in 
certain uplift scenarios, weathering produces differential erodibilty between the channel thalweg 
and channel margins, such that channel margins are more erodible than the thalweg.  Channel 
width increased and slope decreased when weathering had the greatest influence on erodibility.  
More specifically, a conceptual balance between uplift rate, efficacy of weathering, and channel 
geometry and slope defines three end-member equilibrium cross sections.  At the highest uplift 
rates, erosion continually strips away rock before it can be substantially weathered.  At the lowest 
uplift rates, weathering increases rock erodibility across entire channel cross sections and 
promotes the development of larger channel cross sections that is self-similar to rapid erosion.  At 
intermediate erosion rates, channel margins undergo more weathering than the channel thalweg, 
and cross sections equilibrate to a geometry unrecognized in current literature.  Further 
quantitative modeling of these equilibrium cross sections is limited by a lack of supporting field 
data. 
Murphy (2010) explored rock erodibility and chemistry in five bedrock channels set in 
humid, humid subalpine and arid environments.  Murphy (2010) used a Schmidt hammer to 
measure rock compressive strength and assumed that rock compressive strength is an adequate 
proxy for rock erodibility.  Murphy (2010) found that rock erodibility sometimes increased with 
elevation above the channel thalweg humid, humid subalpine and arid environments.   
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1.5K0, 2K0, 5K0, 10K0 and 20K0) are shown in Figure 4 for
the three uplift rates. At low uplift rates, the equilibrium
cross sections produced in fixed erodibility simulations
grow wider and deeper as erodibility, Kf, increases (i.e., gray
lines in Figure 4a). In the variable erodibility simulations, all
points along the channel perimeter have weathered to the
maximum extent, Kw, resulting in uniform erodibility
(Figure 4b). Hence, at equilibrium, the variable erodibility
Figure 4. (a, c, and e) Equilibrium channel cross sections and (b, d, and f) rock erodibility patterns pro-
duced at low, intermediate, and high uplift rates (U = 0.1, 1, and 10 mm/yr, respectively). Mean peak
discharge Qm = 20 m
3/s in all simulations. Dashed line in cross sections denotes position of water surface
at Qm, and upper end of each cross section is the 2Qm water surface height. Gray lines in A, C, and E are
cross sections produced in simulations with fixed erodibility, Kf, equal to one to 20 times K0, with increas-
ing channel size correlated to increasing Kf. Remaining cross sections have initial erodibility equal to K0,
with weathering allowed to increase erodibility up to 1.5 to 20 times K0 (see legend). For ease of com-
parison with cross sections, erodibility is expressed as a multiple of initial erodibility K0 and is plotted as a
function of elevation relative to the flow surface height of Qm.
HANCOCK ET AL.: WEATHERING IN BEDROCK CHANNELS F03018F03018
6 of 13
Figure 3 Uplift Rate, Weathering and Variable Erodibility (Hancock et al., 2011): A numerical model allowed 
channel cross-sections to evolve to equilibrium geometry under different uplift scenarios and constant weathering.  The 
model also tested the effect of different magnitudes of constant weathering (colored lines represent equilibrium cross-
sections as ociated with iff rent weatheri g constants).  Gray cross-s ctions evolved under different magnitudes of fixed 
erodibility.  The model suggests that weathering generally increases erodibility (right hand plots), increases channel width 
and decreases channel slope.  Weathering’s effect on erodibility changes with uplift rate.  In rapidly uplifting settings 
(which can be thought of as rapidly eroding settings), weathering has little effect on rock erodibility.  By comparison, in 
slowly uplifting settings, weathering has relatively enormous influence on rock erodibility and equilibrium channel 
geometry. 
	  14	  
Additionally, Murphy (2010) used chemical analyses of rock cores taken from Schmidt hammer 
sampling locations to show that chemical weathering tends to increase with elevation above the 
channel thalweg.  Chemical weathering acted most efficiently in channels set in warm, humid 
environments.  Channel orientation (aspect) correlated with rock erodibility independent of the 
extent of chemical weathering, suggesting that solar insulation can be an important weathering 
agent.  Lamp (2011) expanded the observations made by Murphy (2010) by measuring rock 
erodibility using a Schmidt hammer at several locations in bedrock channels as well as along 
bedding planes in channels floored by sedimentary rocks.  Like Murphy (2010), Lamp (2011) 
observed a statistically significant decrease in rock compressive strength and increasing 
variability in rock compressive strength with elevation above the thalweg in 18 of 32 cross 
sections.  Rock strength decreased by 20-50% in cross sections that showed decreasing rock 
strength.  Lamp (2011) also showed that mechanical weathering outpaces chemical weathering in 
channels set in arid environments. 
Sparacino (2012) explored more directly both the link between rock erodibility and 
weathering and rock erodibility and channel geometry.  Sparacino (2012) measured rock 
compressive strength with a Schmidt hammer, surveyed channel geometry, and analyzed 
elemental oxide concentration and percent porosity of rock in six channel cross sections in three 
channels set in arid environments and three channels set in humid environments.  Sparacino 
(2012) observed a correlation between increasing porosity and decreasing rock compressive 
strength.  Among Sparacino’s six cross sections, five showed a statistically significant decrease in 
rock compressive strength.  The cross section that showed the least change in rock strength had 
the highest width-to-depth ratio, and the cross section that showed the greatest decrease in rock 
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strength had the lowest width-to-depth ratio.  Aside from this broad generalization, Sparacino 
(2012) found no other link between channel geometry and variable rock strength.   
Murphy (2010), Lamp (2011) and Sparacino (2012) provide two general observations that 
are imperative for future research of rock erodibility in bedrock channels: 1) rock strength, 
inferred to reflect rock erodibility, can vary at the cross sectional scale 2) decreasing rock strength 
is often correlated with chemical weathering.  Several other nuances of particular notability are 
the fact that rock strength can decrease between 20-50% in a single cross section and that closely 
spaced cross sections on a single river sometimes do not show the same variability in rock 
strength.  Nevertheless, Murphy (2010), Lamp (2011) and Sparacino (2012) suggest that 
differential rock erodibility in bedrock channels at the cross sectional scale is somewhat 
ubiquitous across different climatic and lithologic settings, and that weathering likely impacts 
rock erodibility at the cross sectional scale.  Several questions naturally follow the observations 
enumerated above: 
 1) How is rock erodibility distributed along a bedrock channel, both at the cross sectional and 
longitudinal profile scale?   
 2) How is rock weathering and erodibility expressed in bedrock channel geometry?  
We test these questions by exploring how rock erodibility and channel geometry vary in channel 
cross sections along a single bedrock stream.   
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Study Location 
 We collected rock erodibility and channel geometry measurements at Renick Run, a 
tributary to the James River near Buchanan, Virginia (Fig. 4).  Renick Run provides an ideal 
location to explore the hypothesized relationship between rock erodibility and channel geometry  
! !"# $!"%# &'()*+,+-.
Limestone
Dolomite
1, 2
3, 4
5
6, 7
8, 9
10
11-13
14-17
N
James River
Figure 4 Study Sites at Renick Run in Buchanan, Virginia: A: We surveyed channel geometry and made rock 
erodibility measurements at 17 locations along Renick Run, a bedrock tributary to the James River in Buchanan, 
Virginia.  B: Flow perpendicular transects are represented by red dots.  We spaced transects directly upstream and 
downstream of an obvious change in stream power (closely spaced transects) or evenly along the stream’s longitudinal 
profile (approximately 50m to 100m apart).  C: We derived a longitudinal profile from 7.5-minute topographic map.  
Our 17 transects occur along a relatively steep segment of Renick Run, although the topographic map did not grant us 
the resolution for more detailed slope analysis of cross sections.       
A 
C 
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because of its extensive bedrock exposure, its relatively consistent lithology, and its variation in 
stream power on the longitudinal profile scale.  Our study section spanned ~2 km, limited in the 
downstream direction by apparent road-construction debris (i.e. an artificial change in sediment 
supply) and in the upstream direction by general disappearance of bedrock exposure.  Bedrock 
exposures are ubiquitous along this 2 km section, often on both channel banks.  Local slope varies 
by an order of magnitude over our 2 km study segment.  In one extreme instance, local slope 
increases by a factor of four between two sampling locations separated by 100 m.  Several 
knickpoints drop greater than 2 m.  Channel geometry also varies substantially and non-
systemically, changing by up to 5 m between sampling locations spaced 250 m apart.  Variation 
in slope and geometry suggests that stream power can changes signficantly and non-
systematically along Renick Run’s longitudinal profile. 
Geologic mapping (Spencer, 1968) shows that over our 2 km study segment Renick Run 
incises three early-Paleozoic carbonate units, in order of occurrence in the downstream direction 
the Conococheague, the Chepultepec and the Beekmantown.  These formations occur within the 
Pulaski-Staunton thrust sheet in reverse stratigraphic order.  The Beekmantown, Chepultepec and 
Conococheague are interpreted as a drowning carbonate ramp (Bova and Read, 1987).  Fossil 
evidence in the Chepultepec gives evidence for cyclical aggrading carbonate ramps, with each 
cycle initiated by rapid submergence due to sea-level rise of a few meters (Bova and Read, 1987).  
Spencer (1968) observed facies change (i.e. interbedded dolomite and sand inclusions) in the 
Chepultepec across the Pulaski-Staunton fault, which may be a product of a cyclical depositional 
environment.  The Conococheague is late Cambrian and characterized by dark blue limestones 
interbedded with massive medium-to-coarse-grained sandstone.  In the vicinity of Natural Bridge 
the Conococheague is most prominently characterized by a medium to dark blue-gray and fine-
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grained limestone that weathers to light gray, which is consistent with our observations at various 
cross sections mapped as Conococheague at Renick Run.  Siliceous laminae have been observed 
in the Conococheague in the vicinity of Natural Bridge, but we did not observe any discernable 
heterogeneity in the rock at Renick Run.  The Chepultepec is conformable with the 
Conococheague.  Like the Conococheague, the Chepultepec is a fine-grained, dark blue limestone 
that weathers to a light gray.  The Chepultepec contains abundant chert.  We observed mostly 
gray limestone in cross sections mapped as Chepultepec at Renick Run, with chert nodules of 
approximately 10 cm in diameter and 
chert laminae of approximately 30 cm.  
We also observed pitted surfaces that span 
~10-20 m2 at multiple rock exposures in 
cross sections mapped as Chepultepec; we 
infer these pitted surfaces to be a product 
of karstic weathering (e.g. Waele et al., 
2009) (Fig. 5).  We observe no other 
prominent changes in the makeup of the 
rock (such as facies changes described 
by Spencer, 1968 and Bova and Read, 
1987).  The Beekmantown is conformable with the Chepultepec.  The Beekmantown is a thinly 
bedded, massive dolomite with interbedded gray limestones.  We did not uncover the contact 
between the Beekmantown and Chepultepec, but we did observe an abrupt change in bedding 
thickness and a sudden disappearance of the pitted surface characteristic of cross sections mapped 
as Chepultepec at the approximate location of the contact suggested Spencer (1968).    
Figure 5 Pitted Surface at Cross Section 11: Cross Section 
11 is mapped as Chepultepec.  In this formation we 
consistently observe a deeply pitted surface.  The above 
image depicts particularly prominent pitting.  Distance 
between the yellow lines is 0.30 m.  We interpret the pitted 
surface to be dissolution weathering.     
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Methods 
Selecting Sampling Locations 
We measured rock erodibility and surveyed channel geometry across flow-perpendicular 
transects at 17 locations along the ~2 km stretch of Renick Run (Fig 4).  Each transect can be 
thought of as an imaginary line that runs from bank to bank of a selected cross section.  The 
transect defines a position upon which we base the spacing of Schmidt hammer measurements 
and survey channel geometry.  We determined the position of flow-perpendicular transects in one 
of two ways: 
1) A transect was placed on the upstream and downstream side of a knickpoint or an 
obvious change in stream power (Cross Sections 1 and 2, 3 and 4, 8 and 9, 11 and 12, 
16 and 17) 
2) Transects were spaced at roughly equal intervals (generally 50-200 m) along the 
stream (Cross Sections 5, 6, 7, 10, 13, 14, 15)  
Our selection of transect locations was also based on bedrock exposure.  So as to prevent sample 
selection bias, we allowed equal spacing within our 2 km stretch to more strongly influence our 
placement of transects.  For this reason, extent of bedrock exposure varies from transect to 
transect.   
 
Channel Geometry and Slope Measurements 
We surveyed channel geometry using a Topcon laser total station.  We took total station 
measurements at ~0.25 m intervals across the channel, ensuring that the channel thalweg was 
included in these measurements.  We also surveyed the top and bottom of each quadrat so as to 
define their position within the cross section.  After plotting channel geometry for each cross 
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section, we identified high flow markers, such as vegetation or pollution that had appeared to 
have been transported, and used a hand held level to locate their position in their respective cross 
section plot.  We used the high flow markers as an estimate of a relatively common flow height in 
each cross section.  We measured water surface slope using a level and rod.  This proved difficult 
due to low flow stage at the time of measurement and variable flow heights within individual 
cross-sections due to vegetative debris.  Where possible, we measured the water surface at both 
banks upstream and downstream of each transect, typically at ~15 m horizontal intervals.  Slope 
was calculated by dividing the change in water surface elevation by the horizontal distance over 
which it changed.  We also recorded the position of each cross section using a hand held Trimble 
Geo-XT GPS device.  We interpolated positions along each cross section perimeter at one cm 
intervals by fitting a line between adjacent survey points.  We estimated channel width, cross 
sectional area, and wetted perimeter at one cm intervals above the thalweg in each cross section 
using interpolated positions along the cross section perimeter.   
 
Rock Erodibility Measurements: Schmidt Hammer 
We used in-situ rock compressive strength as measured by a Type N SilverSchmidt 
hammer as a proxy for rock erodibility.  Sklar and Dietrich (2001) and Aydin and Basu (2005) 
show a relationship between erodibility and rock tensile strength (Fig. 2), so we assume that rock 
compressive strength adequately represents rock erodibility.  Additionally, Sklar and Dietrich 
(2001) show that weathering of rock decreases rock strength, suggesting that measured decrease 
in rock compressive strength in channel cross sections could indicate weathering of rock.  The 
Schmidt hammer makes a relative measure of substrate strength by quantifying energy dissipation 
in a plunger impacted against the substrate surface.  This relative measurement, the Q-Value, 
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ranges from 13 (low compressive strength as measured by Schmidt hammer) to 92 (high 
compressive strength).  The Schmidt hammer is widely used in geomorphological research to 
gauge rock strength (Selby, 1980; Wohl and Achyuthan, 2002) and to quantify weathering of 
rocks (McCaroll, 1991).  As we intended to quantify and compare rock erodibility within channel 
cross sections and between cross sections, the Schmidt hammer conveniently allowed us to 
efficiently make compressive strength measurements over our 2 km reach.   
Natural inconsistencies in rock such as surface roughness, fracturing, porosity, and 
saturation may affect Schmidt hammer measurements on a point scale (Sumner and Nel, 2002, 
Goudie et al., 2011).  Weathering often enhances these inconsistencies.  Decades of literature 
concerning Schmidt hammer usage criticize the sometimes poor replicability of Schmidt hammer 
measurements due to rock inconsistencies, and stress caution when comparing Schmidt hammer 
measurements taken from different samples, even of the same rock type (Goudie et al., 2011; 
Katz et al., 2000; Nieldski, 1999).  Because we hypothesize that weathering influences rock 
erodibility in bedrock streams and weathering alters fresh rock properties including increasing 
surface roughness and percent porosity, our method is particularly sensitive to these criticisms.  
Nieldski (1999) showed that between 15 and 30 Schmidt hammer measurements provide a 
statistically sound rock strength estimate for most rock types, even for weathered rocks.  To 
ensure that Schmidt hammer data is reliable and meaningful, a previous study of rock erodibility 
in channel cross-sections took 50 measurements at several elevations above the channel thalweg 
(Sparacino, 2012).  We employ a similar technique.  
At each of our 17 flow-perpendicular transects, we took Schmidt hammer measurements 
within a 0.25 m by 0.25 m quadrat at different intervals above the channel thalweg (Fig. 5).  We 
assigned each quadrat a vertical and horizontal position relative to its associated transect.  
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Quadrats were spaced at approximately 0.5 m vertical intervals between the thalweg and a rough 
estimate of a reasonable high flow height at each transect.  We assigned a random lateral distance 
within ± 0.5 m of the transect using a random number table.  When possible, quadrats were 
assigned positions on both channel banks and on exposed rock surfaces in the channel center.  We 
used a random number table to define where within the quadrat we took each Schmidt hammer 
measurement.  We took 50 measurements in each quadrat that ranged in Q-value from 13-92.  
Because the Schmidt hammer cannot detect Q values of lower than 13, the Schmidt hammer 
sometimes returned compressive strength values that were “Below Detection Limit.”  We 
recorded each of these values separately and did not count them towards the 50 measurements 
taken within the quadrat.  If 25 measurements in the quadrat were “Below Detection Limit” we 
discontinued our measurements in that quadrat, although this rarely happened.  We represent one 
quadrat that registered 25 consecutive measurements “Below Detection Limit” with an average of 
Q-value of 13 (see Results: Cross Section 9).   Renick Run is not characterized by significant 
fracturing, but where necessary we avoided taking measurements near fractures.  We also made 
an effort to avoid deeply pitted surfaces and chert occurences in cross sections in the Chepultepec 
formation. 
We calculated the statistical difference between Schmidt hammer sampling quadrats using 
a 2-sample, 2-tailed, unequal variance T-test.  By using a 2-tailed test we take a relatively 
conservative approach to determining statistical difference between Schmidt hammer quadrat 
averages.  We use stastistical difference applied to averages that include measurements recorded 
below the Schmidt hammer detection limit.   
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Quadrat	  1	  
Quadrat	  2	  
Quadrat	  3	  
Quadrat	  4	  
Figure 6 Example Flow-Perpendicular Transects and 
Quadrat Sampling Locations:  
TOP: The flow-perpendicular transect outlined in the dashed 
red line represents Cross Section 11 in Figure 4.  At each of 
our 17 locations, we delineated an analogous flow-
perpendicular transect and positioned quadrats as close to the 
channel thalweg as possible and at several elevations about 
the channel thalweg on both banks (if possible).  Red arrows 
indicate quadrat placements for Transect 11.    
 
LEFT: The river right bank of Transect 11.  The .25m by 
.25m quadrat we used is pictured here as Quadrat 1.  Red 
boxes indicate where along the bank we placed each quadrat.     
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Calculating Discharge and Recurrence Interval  
Because geometry and slope vary from cross section to cross section, elevations in cross 
sections do not correspond with the same flood stage.  We hypothesize that rock erodibility varies 
with elevation, and therefore flood stage, in channel cross sections.  In order to compare 
elevations between cross sections, we calculated average velocity and multiplied velocity by cross 
sectional area to approximate discharge at one cm elevation intervals in each cross section. 
We used Manning’s Equation (Eq. 3) to calculate average velocity at each one cm 
elevation interval in each cross section: ! = !!!!!!!!  (Eq. 3) 
where velocity v is determined by the relationship between Manning’s friction coefficient n, the 
hydraulic radius (R), and the channel slope S.  We use a friction coefficient of 0.035, which is 
appropriate for clean channels with some weeds and stones, for each cross section (Heritage et al, 
2004).  Manning’s equation yields average velocity given a hydraulic radius (the ratio of cross 
sectional area to wetted perimeter) and slope. Error in this analysis is introduced by slope data and 
Manning’s friction factor (n).  We use water surface slope collected during a relatively low flood 
stage at Renick Run.  Because slope at the cross sectional scale may change with flood stage, the 
water surface slope used to calculate discharge may not be appropriate for all discharges, 
particularly high discharges.  Each cross section was floored by similar material (clean and mossy 
bedrock and sometimes fine sand and cobbles) but there is likely some error introduced by 
assuming the same friction factor for each cross section. 
We calculate flow recurrence interval for each 1 cm interval in each cross section.  The 
recurrence interval is the frequency that a given discharge event will be equaled or exceeded as 
the largest flow of that year based on a frequency analysis of precipitation.  Biese (1995) used 34 
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gauging stations in the Central Valley and Ridge in Virginia to develop regression equations 
based on drainage area for 2 yr, 5 yr, 10 yr, 25 yr, 50 yr, 100 yr, 200 yr and 500 yr floods.  For 
each cross section, we developed a cross 
section-specific regression curve based on 
the values determined by regression 
equations provided by Biese (1995) relating 
recurrence interval and discharge using the 
drainage area calculated for each cross 
section.  We include the curve calculated for 
cross section 1 as an example (Fig. 8).  
Biese (1995) calculates standard error for 
recurrence interval regressions equations 
to be between 29-43% by estimating how 
close they predict peak discharge at 
ungauged stations.  Large error is 
attributed to drainage basin specific 
characteristics, such local precipitation and percent forest cover.  Biese’s (1995) method of 
discharge estimation neglects these potentially important characteristics, and therefore cross-
stream discharge comparisons are difficult to make using Biese’s method.  Our cross sections at 
Renick Run occur between 10.80 km2 and 12.26 km2, over which we expect minimal variation in 
precipitation and land cover.  We therefore assume any error introduced by watershed conditions 
is consistent between cross sections.  For this reason, we assume that recurrence interval is an 
appropriate means by which to compare elevation in our 17 cross sections.   
Figure 8 Estimating Recurrence Interval, Cross Section 1: 
Using empirically derived regression equations that relate 
discharge to recurrence interval for a given drainage area (Biese, 
1995), we developed a regression curve (power) for each cross 
section to estimate recurrence interval.  Note that the power 
function severely underestimates recurrence intervals of 200 
years or greater.  The vast majority of our data fell within 
relatively low recurrence intervals (<50 years), where the power 
function corresponds well with recurrence intervals determined 
using Biese’s (1995) equations. 
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River Network Analysis 
We downloaded a 1/3 arc-second 
DEM of Renick Run’s watershed from the 
USGS seamless server for analysis in 
RiverTools 3.0, a GIS toolkit designed for 
watershed analysis.  The RiverTools River 
Network tool uses a raster-to-vector 
conversion to develop the topology of a river 
network.  The River Network tool stores a 
number of attributes including drainage area, 
straight-line length, along-channel length, and 
along-channel slope at discrete locations 
along a channel (Peckham, 2009).  We use the 
River Network tool to calculate the drainage 
area for each cross section and reach-scale 
sinuosity by correlating cross section 
positions (in decimal degrees) recorded by the 
GPS unit in the field with the DEM.  Some 
segments of Renick Run are meandering (sinuosity of 1.35).  We measure the meander radius 
(radius of curvature) for each cross section, so as to quantitatively categorize meandering and 
straight segments.  We calculate meander radius using imagery from Google Earth, where we 
visually fit a circle to the aerial view of each cross section (Fig. 7). 
 
Figure 7 Calculating Meander Radius: We 
calculate the meander radius of each cross section 
using imagery from Google Earth.  We locate the 
position of each cross section using GPS data.  
Pictured are cross sections 12, 13 and 14.  The yellow 
pins show relatively precise locations of each cross 
section.  We employed a different naming scheme 
during data collection, so numbers associated with the 
yellow pins are not relevant here. 
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Table 1: Summary of Channel Cross Sections: Sampled cross sections are labeled here as they 
are in Fig.4.  Slope varies non-systemically along Renick Run’s longitudinal profile.  Drainage 
area increases by 1.20 km2 from the top to bottom of our study segment.  The limestone 
formations through which the upper portion of the river incises (Conococheague and Chepultepec, 
cross sections 1-13) are difficult to distinguish from one another.  
 
Name Geologic Formation Local Slope 
(m/m) 
Upstream 
Drainage 
Area (km2) 
Meander 
Radius 
1 Conococheague 
(Limestone) 
.014 10.80 97 
2 Conococheague .014 10.80 97 
3 Conococheague .017 11.17 17 
4 Conococheague .078 11.17 17 
5 Chepultepec (Limestone) .023 11.31 23 
6 Chepultepec .013 11.39 24 
7 Chepultepec .013 11.39 62 
8 Chepultepec .013 11.40 21 
9 Chepultepec .027 11.40 21 
10 Chepultepec .001 11.54 22 
11 Chepultepec .008 11.58 >100 
12 Chepultepec .013 11.84 39 
13 Chepultepec  .027 11.84 39 
14 Beekmantown (Dolomite) .077 12.14 33 
15 Beekmantown  .001 12.20 9 
16 Beekmantown .001 12.20 9 
17 Beekmantown  .001 12.26 13 
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Results 
We present geometry and rock compressive strength measured with a Schmidt hammer 
(Q-value) for 17 cross sections of Renick Run.  Cross sections are presented in order of their 
occurrence in the downstream direction.  For each cross section we include two plots: one of 
survey data and one of average of Schmidt hammer measurement against its elevation within the 
cross section relative to the local thalweg.  All geometries are plotted at the same scale with a 
vertical exaggeration of 6.67 and are oriented as if the viewer is looking downstream.  Sections of 
bedrock cover and alluvial cover are indicated by survey points.  Some Schmidt hammer 
sampling quadrats were added after original surveying took place, and their positions were 
determined using a surveyor’s level and rod.  For this reason, the reported vertical position of 
each sampling quadrat’s elevation above the thalweg varies from 0.001 m to 0.01 m.  While we 
report values to the precision granted by our instruments (total station and level and rod), it should 
be noted that each quadrat is represented an average of Schmidt hammer measurements take in a 
0.25 m x 0.25 m quadrat.  
In addition to geometry and Schmidt hammer measurement plots, we include a table that 
summarizes the statistical difference between average Schmidt hammer measurements within 
each cross section.  The number of quadrats per cross section varies from three to seven.  In many 
cases, rock exposure was limited to one bank, thus limiting the range of possible Schmidt hammer 
measurements.  There is also some variability in the location of quadrats in relation to the 
thalweg.  In some cross sections, the thalweg was defined by narrow bedding planes and was 
consistently inundated, making it impossible to take measurements any close to the thalweg.  In 
each cross section the lowest elevation Schmidt hammer quadrat average represents the closest 
attainable position to the thalweg. 
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We sometimes encountered Schmidt hammer measurements that registered below the 
Schmidt hammer’s detection limit (Below Detection Limit, BDL) of Q-value 13.  We assign these 
measurements a Q-value of 13.  For each cross section, we plot the average Q-value for the 50 
measurements that did register within each quadrat and the average of those 50 measurements 
combined with measurements that were BDL.  In addition, we plot the standard deviation for both 
averages, with the BDL-excluded standard deviations in blue and the BDL–included standard 
deviations in red.  We calculate statistical differences between Q-values in each cross section 
using a 2-sample, 2-tailed, unequal variance T-test.  Statistical differences recorded for each cross 
section are based on the BDL-included data.     
Where possible, we took Schmidt hammer measurements on both river banks.  In general, 
14 out of 17 cross sections showed a statistically significant decrease between the Q-value 
average closest to the thalweg and the Q-value average highest above the thalweg.  The 
relationship between Q-value and elevation within the cross section is sometimes complicated by 
substantial variation in Q-value averages between channel banks, even at nearly identical 
elevations relative to the thalweg.  I include expressions of statistical difference on a per-bank 
basis where appropriate in order to address these particularly complicated circumstances. 
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Cross Section 1	  
Figure 9_1 Geometry and Schmidt Hammer Measurements at Cross Section 1: The image portrays cross section 1, 
looking in the downstream direction.  Both the rock face on the right bank and the alluvial left bank extend higher than 
frame of the picture.  The white line indicates the transect along which we took survey measurements and Schmidt 
hammer measurements.  Survey data are plotted on the left, Schmidt hammer data on the right; both vertical axes are in 
meters above the thalweg.  We categorize alluvial cover broadly to provide a general sense of bedrock exposure within the 
cross section.        
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 Cross section 1 was consistently inundated between the thalweg and approximately 0.8 m 
above the thalweg, preventing us from taking any Schmidt hammer measurements at low 
elevations.  The left bank is completely alluvial and supports thick vegetative cover.  At ~2 m 
above the thalweg the slope of the left bank decreases abruptly and transitions into a flat surface.  
We identified flow indicators on this surface.  Cross section 1 shows no statically significant 
change in Q-value with change in elevation.  There were no values that were recorded below the 
detection limit.      
 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
P-Value: 
Difference 
between Lowest 
Elevation 
Average 
.849 Right 46.8 9.6 46.8 9.6  
1.204 Right 48.7 9.8 48.7 9.8 .32 
2.641 Right 47.0 10.3 47.0 10.3 .90 
Table 2_1 Summary of Schmidt Hammer Measurements at Cross Section 1: Cross Section 1 shows no statistical 
change in average Q-value between different elevations above the thalweg.  P-values are calculated using a two-tailed, 
unequal variance T-test.  
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Cross Section 2 
Figure 9_2 Geometry and Schmidt Hammer Measurements at Cross Section 2: The image portrays cross section 2 
looking downstream.  The cross section extends beyond the picture frame on the left hand bank.  All of our Schmidt 
hammer measurements come from the right bank.  Much like in cross section1, cross section 2 flattens at the top of its river 
left bank.  This feature is not captured in the image.  Note that much of the river right bank is alluvial.  The highest 
elevation Schmidt hammer measurement required the removal of extensive soil cover.  This is the only Schmidt hammer 
measurement for which we conducted this kind of soil removal, and we therefore do not include this measurement in our 
analyses.     
Bedrock	  
Wedge	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Table 2_2 Summary of Schmidt Hammer Measurements at Cross Section 2: Cross section 2 shows a statistically 
significant decrease in Q-value between the lowest elevation Schmidt hammer measurement in the cross section and 
higher elevations in the cross section.  We observe a 17% decreases in Q-value average over a change in elevation of 
~20 cm.  These quadrats were represent measurements taken on opposing sides of a bedrock wedge that defined the 
cross section (Fig. 9_2).      
Cross section 2 is located approximately 30 m downstream of cross section1.  The thalweg 
at cross section 2 is defined by a narrow (1-2 m wide) wedge of bedrock.  We were able to take 
Schmidt hammer measurements at the top of this wedge, which yielded relatively high Q- values.  
The surface above the thalweg wedge was covered by fine sand to pebble-size grains adjacent to a 
rock exposure.  We took Schmidt hammer measurements at this exposure, which showed a 20% 
decrease in average Q-value.  Elevations of 1 m above the thalweg were alluvial.  We took 
Schmidt hammer measurements at 1.20 m above the thalweg on the right bank after clearing away 
thin soil cover.  Compressive strength decreased ~48% between this rock surface and the rock 
surface nearest the thalweg.  The number of measurements that registered below the detection 
limit increased substantially at this surface. The left bank was completely alluvial and transitioned 
into a flat surface that was continuous with the flat surface observed at cross section 1.  Flow 
indicators were also observed on this platform.     
 
 
 
 
 
 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average 
.415 Right 54.4 12.5 53.6 13.6  
.618 Right  44.7 8.1 44.7 8.1 1.4x10-4 
1.20 Right 28.2 8.4 25.5 9.6 2.7x10-23 
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Cross Section 3	  
 
Figure 9_3 Geometry and Schmidt Hammer Measurements at Cross Section 3: The image portrays cross section 3 
looking upstream (note that the survey plot is oriented in the reverse direction).  The cross section extends beyond the 
picture frame on the left hand bank.  Our Schmidt hammer measurements come from the right bank and bedding planes that 
from the middle of the cross section.  cross section 3 occurs along a bend in the river, which is evident from this 
perspective.  We calculate the meander radius to be 17 m.  Also note that the dip of bedding planes is oriented 
perpendicular to flow direction. 
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 Cross section 3 occurs at a right-turning bend (meander radius 17 m) 400 m downstream 
of cross section 2.  A bedding plane extends from the center of the channel and defines the 
thalweg.  The left bank has bedrock exposure to from the thalweg to 2 m above the thalweg.  The 
right bank is alluvial, and supports thick vegetation from 1 m to 2 m above the thalweg.  The right 
bank is covered by a thick blanket of sediment, ranging from fine sand to cobbles.  Of important 
note is the fact that flow direction is perpendicular to the dip of the bedrock. 
We took Schmidt hammer measurements at the bedding plane exposed in the center of the 
cross section and at three locations on the left bank.  Q-value averages close to the thalweg are 
statistically similar, 50.3 at center and 53.3 on the left bank, and decrease with increasing 
elevation above the thalweg.  The only statistically significant decrease in Q-value average occurs 
between the measurement closest to the thalweg and the measurement highest above the thalweg.  
Average Q-value decreases by 45% between the thalweg and ~2 m above the thalweg.    	  
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average 
.15 Center 50.3 14.4 50.3 14.4  
.770 Left 54.1 13.7 53.3 14.8 .30 
1.156 Left 45.0 11.7 42.7 14.1 .007 
1.857 Left 32.2 10.0 29.5 11.4 1.07x10-12 
Table 2_3 Summary of Schmidt Hammer Measurements at Cross Section 3: Cross section 3 shows a 
statistically significant decrease in Q-value between the lowest elevation Schmidt hammer measurement in the 
cross section and two higher elevations in the cross section.  We observe an overall 42% decreases in Q-value 
between the lowest elevation Q-value average measurement and the highest elevation Q-value average.        
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Cross Section 4 
Figure 9_4 Geometry and Schmidt 
Hammer Measurements at Cross Section 
4: The image portrays the right bank of 
cross section 4, which occurs along a left-
turning bend (meander radius of 17 m). The 
left bank (not pictured) of cross section 4 is 
entirely alluvial.  Cross section 4 is at the 
top of a series of “steps” formed by 
bedding planes whose strike is oriented 
parallel to flow direction.  The reverse is 
true in cross section 3.    
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Table 2_4 Summary of Schmidt Hammer Measurements at Cross Section 4: Cross section 4 shows a statistically 
significant decrease in Q-value between the lowest elevation Schmidt hammer measurement in the cross section and 
at one higher elevation in the cross section.  There is no significant difference between the lowest elevation Schmidt 
hammer Q-value and the highest elevation Schmidt hammer Q-value. 
Cross section 4 occurs within 30 m of Cross Section 3 at the top of a steep series of steps 
that define a left-turning meander (meander radius=17 m).  The steps correspond with bedding 
planes whose dip is parallel to flow direction, making the base of Cross Section 4 exceptionally 
flat.  Bedrock is exposed up to 2 m above the thalweg on the right bank (corresponding with the 
outside of the meander).  The right bank is completely alluvial.  Q-value average does not change 
significantly with increasing elevation for one of two Schmidt hammer quadrat averages.  In this 
particular cross section, inclusion of BDL values accounts for the statistically significant 
difference in average Q-value.  All Q-value averages are fall within an approximate 10% range.     
 
 
 
 
 
 
 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average 
.264 Right 49.4 7.2 49.4 7.2  
.566 Right  47.2 8.8 44.1 13.0 .01 
.840 Right 51.3 8.2 50.5 9.8 .51 
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Figure 9_5 Geometry and Schmidt Hammer Measurements at Cross Section 5: The image portrays cross section 5 
looking downstream.  The cross section extends beyond the picture frame on the right bank.  Our Schmidt hammer 
measurements come from the rock face on the left bank, a bedding plane in the middle of the cross section, and the rock 
face on the right bank.  Cross section 5 occurs along a right-turning bend in the river, with a meander radius of 23 m.  Also 
note that the dip of bedding planes is oriented parallel to flow direction. 
Cross Section 5 
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Table 2_5 Summary of Schmidt Hammer Measurements at Cross Section 5: Cross section 5 shows a statistically 
significant difference in Q-value average between channel banks.  Regardless of this discrepancy, there is a 
statistically significant decrease in rock strength between the lowest elevation Q-value average on both the right and 
left banks and at the Q-value averages at two higher elevations in the cross section.   
Cross section 5 occurs 300 m downstream of cross section 4 around a right-turning bend 
(meander radius=23 m).  Two bedding planes are exposed in the center of the cross section and 
define the thalweg.  The right bank has exposed bedrock up to 0.80 m, above which is ~3 m 
segment of fine sand to pebble size sediment and thickly vegetated alluvial cover. The left bank 
has exposed bedrock up to 1.5 m above the thalweg.  The bedrock exposed on the right bank is 
qualitatively smoother than the bedrock on the left bank.  We took Schmidt hammer 
measurements on a surface exposed at the cross section center, at two locations on the right bank 
and at three locations on the left bank.  We removed moss from the rock exposure at the center of 
the channel.  Residual material left by the moss on part of the rock surface likely contributed to a 
particularly high number of measurements being recorded below the detection limit.  The Q-value 
average closest to the thalweg on the right bank is 20% higher than the Q-value average closest at 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average 
Q-Value 
(BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Right 
Bank) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Left Bank) 
.462 Left 46.2 14.1 43.8 16.2   
.47 Right 56.6 7.6 56.6 7.6   
.55 Center 49.3 18.1 40.1 22.3 2.2x10-7 .30 
.80 Right 59.1 7.3 59.1 7.3 .09 1.83x10-8 
1.167 Left 39.0 10.0 36.2 12.4 5.4x10-17 .007 
1.542 Left 33.8 10.9 28.8 13.1 8.2x10-27 2.7x10-7 
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the cross section center and left bank.  The cross section center returned similar average Q-values 
to the average Q-value closest to the thalweg on the left bank.  The left bank showed an overall 
35% decrease in average Q-value between the thalweg and ~1.5 m above the thalweg. 
 The lowest elevation Schmidt hammer measurements were made on both the left and right 
banks at approximately ~0.46 m above the thalweg, and the Q-value average on the right bank is 
22% than the Q-value average on the left bank.  Because of the discrepancy between rock strength 
on different banks, we assess statistical difference on a per bank basis.  There is no statistical 
change between Q-value average on the right bank.  The two highest elevation Q-value averages 
in the cross section are statistically smaller than both the lowest elevation Q-value average on the 
left and right banks. 
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Cross Section 6	  
Figure 9_6 Geometry and Schmidt Hammer Measurements at Cross Section 6: The image portrays cross section 6 
looking upstream (note that the survey plot is oriented in the opposite direction).  Our Schmidt hammer measurements come 
from the rock face on the left bank, a bedding plane in the middle of the cross section, and the rock face on the right bank.  
Cross section 6 occurs along a left-turning bend in the river, with a meander radius of 24 m.  Also note that the dip of 
bedding planes is oriented parallel to flow direction. 
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Table 2_6 Summary of Schmidt Hammer Measurements at Cross Section 6: Cross section 6 shows a statistically 
significant difference in Q-value average between channel banks.  The lowest elevation Q-value on the left bank is 
the highest we observe at Renick Run.  There is a statistically significant decrease in Q-value average with increasing 
elevation on the left bank for one Q-value average and on the right bank for two Q-value averages at the highest 
elevations on the left bank.  All values on the right bank are significantly smaller than the lowest elevation Q-value 
on the left bank.   
Cross section 6 occurs on a left-turning bend (meander radius=24 m) 120 m downstream 
of cross section 5 and begins a series of eight closely spaced cross sections with extensive 
bedrock exposure on both banks.  Both the thalweg and left bank at cross section 6 are defined by 
bedding planes.  The right bank is a curving, bare bedrock surface.  Sections of the right bank are 
deeply pitted by what appears to be dissolution weathering.  The rock surface on the right bank is 
smoother by comparison.  The Q-value average on the left bank (which corresponds with the 
inside of the bend) closest to the thalweg is 50% higher than the compressive strength value on 
the right bank.  Q-value average decreases by roughly 20% between the thalweg and 2 m above 
the thalweg on the right bank.  Q-value average decreases by 35% between the thalweg and 1.10 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average 
Q-Value 
(BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Center) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Right 
Bank) 
.44 Left 67.4 7.9 67.4 7.9   
.47 Center 46.1 11.8 44.3 13.8   
.559 Right 40.0 12.3 35.1 15.9 .0015 8.1x1024 
1.100 Right 46.5 9.7 41.9 15.6 .37 2.3x1020 
1.10 Left 46.7 11.1 44.2 14.6 .99 3.9x1033 
1.832 Right 40.5 8.8 34.2 12.1 1.1x104 7.9x1028 
2.346 Right 39.0 10.1 37.1 12.2 .0045 3.3x1016 
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m above the thalweg on the left bank.  At the lowest elevation measurements in the cross section, 
the Q-value average is 35% lower at the channel center than on the left bank.   
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Cross Section 7  
Figure 9_7 Geometry and Schmidt Hammer Measurements at Cross Section 7: The image portrays Cross Section 7 
looking upstream (note that the survey plot is oriented in the opposite direction).  The left bank (right side of the image) does 
not appear in the image.  The white line indicates the transect along which we took survey and Schmidt hammer measurements.  
Our Schmidt hammer measurements come from the rock face on the left bank (not pictured) and the rock face on the right 
bank.   
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Table 2_7 Summary of Schmidt Hammer Measurements at Cross Section 7: Cross Section 7 shows a 
consistently significant decrease in average Q-value between the Q-value average closest to the thalweg and each Q-
value average at elevations above the thalweg.  There is no systematic discrepancy between Q-value averages taken 
on different banks. 
 
Cross section 7 occurs at the end of a straight, 40 m stretch of bedrock that is continuous 
with cross section 6.  Like cross section 6, the thalweg and left bank are defined by bedding  
planes and the right bank is a curving, bare bedrock surface covered with karstic dissolution pits. 
Q-value average decreases by 35% between the thalweg and 2.6 m above the thalweg.  Every Q-
value average that occurs above the lowest elevation quadrat in the cross section is statistically 
lower than the Q-value average nearest the thalweg.  There is no systematic difference between 
compressive strength measurements on opposing banks. 
 
 
 
 
 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average  
0.225 Right 53 12.4 53 12.4  
0.58 Right 41.5 11.4 36.4 14.5 8.3x10-10 
0.61 Left 38.2 9.9 34.0 13.1 4.74x10-11 
1.09 Left 46.3 10.2 46.3 10.2 .0041 
1.410 Right 39.5 11 34.0 16.7 5.0x10-11 
2.568 Right 37.5 10.6 34.1 12.5 3.4x10-12 
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Figure 9_8 Geometry and Schmidt Hammer Measurements at Cross Section 8: The image portrays Cross Section 8 
looking upstream (note that the survey plot is oriented in the opposite direction).  Cross Section 8 is a particularly wide section 
and occurs around a left turning bend in the river (meander radius=21 m), and thus we were unable to fully capture both banks 
in an image.  The cross section extends beyond both the right and left extent of the frame.  Our Schmidt hammer measurements 
come from the center of the cross section and both left and right banks of the cross section.  
	  
Cross Section 8 
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Table 2_8 Summary of Schmidt Hammer Measurements at Cross Section 8: Cross Section 8 shows statistically 
different Q-value average between banks, with the right bank returning significantly lower Q-value averages than the 
left bank.  Both the left bank and the right bank show respective decreases in average Q-value with increasing 
elevation above the thalweg. 
  
Cross section 8 is located 100 m downstream of cross section 7 at a left-turning meander 
(meander radius=21 m).  The entire cross section is bare bedrock.  Bedding planes define the 
thalweg, but no bedding planes are distinguishable on either bank.  The right bank (which 
corresponds with the outside of the meander) is a curving face with karstic pitting similar to that 
observed at cross sections 6 and 7.  The left bank is smoother than the right bank.  Q-value varies 
by approximately 40% between channel banks and the channel center at 0.2 m above the thalweg.  
Q-value average decreases by 30% between the thalweg and with increasing elevation above the 
thalweg and 0.7 m above the thalweg on the right bank.  Q-value average and decreases by 25% 
between the thalweg and 0.9 m above the thalweg on the left bank.  
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average 
Q-Value 
(BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Left Bank) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Right 
Bank) 
0.24 Left 59.6 10.8 59.6 10.8   
0.262 Right 50.0 8.1 50.0 8.1   
.30 Center 40.0 12.3 36.7 14.6 2.5x10-15 5.7x10-8 
0.420 Right 46.0 9.3 43.0 13.9 1.3x10-10 .0012 
0.684 Right 41.5 13.4 36.4 16.0 1.2x10-13 5.4x107 
0.94 Left 48.2 11.4 45.6 14.4 .054 1.44x10-7 
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Cross Section 9 
Figure 9_9 Geometry and Schmidt Hammer Measurements at Cross Section 9: The image portrays Cross Section 9 
looking downstream.  Cross Section 9 occurs along the same meander as Cross Section 8 (meander radius=21 m).  Our Schmidt 
hammer measurements come from the center of the cross section and both left and right banks of the cross section.  The right 
bank extends to a greater vertical elevation than is pictured here.  
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Table 2_9 Summary of Schmidt Hammer Measurements at Cross Section 9: Cross Section 9 shows a statistically 
significant difference in average Q-value between banks at low elevations in the cross section, with the right bank 
significantly smaller than the left bank.  Both the left bank and the right bank show respective decreases in average 
Q-value with increasing elevation above the thalweg, although all Q-value averages on the right bank are 
significantly lower than the Q-value average at the lowest elevation on the left bank.   
Cross section 9 is located 20 m downstream of cross section 8 along the same left-turning 
meander (meander radius=21 m).  Bedding planes define the thalweg but are not distinguishable 
on either bank.  Flow direction is perpendicular to the dip of bedding.  The right bank (which 
corresponds with the outside of the meander) is a curved, deeply pitted surface, similar the right 
bank of Cross Section 8.  The karstic pits were especially concentrated at 0.9 m above the 
thalweg, where we were unsuccessful in attaining a single Schmidt hammer reading above the 
Q=13 detection limit.  Q-value average varies by 40% between the left bank and the right bank at 
0.25 m above the thalweg.  This discrepancy disappears by 0.5 m above the thalweg.  There is no 
statistical change in Q-value average between the lowest elevation average on the right bank and 
all Q-value averages above it.  The Q-value average at the lowest elevation on the left bank is 
roughly 40% higher than every other Q-value average in the cross section.	  	  
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
 
 
 
Average 
Q-Value 
Standard 
Deviation 
Average 
Q-Value 
(BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Left Bank) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Right 
Bank) 
0.24 Left 58.2 11.8 58.2 11.8   
0.254 Right 40.5 13.9 34.8 17.5   
0.33 Center 41.4 12.5 35.5 16.0 4.2x1014 .81 
0.49 Left 37.5 11.5 33.5 14.0 2.9x1017 .62 
0.554 Right 45.5 13.8 41.0 18.5 3.8x109 .042 
0.919 Right   13    
2.009 Right 40.5 11.7 36.7 13.6 1.88x1013 .52 
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Cross Section 10 
Figure 9_10 Geometry and Schmidt Hammer Measurements at Cross Section 10: The image portrays cross section 10 
looking downstream.  Cross section 10 occurs along a left-turning bend (meander radius=22 m).  A steep bedding plane defines 
the thalweg, which was inundated during every field visit.  Our Schmidt hammer measurements come from both the right and 
left banks.  Note the flow direction is perpendicular to the dip of bedding.  
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Table 2_10 Summary of Schmidt Hammer Measurements at Cross Section 10: Cross Section 10 shows a 
statistically significant difference in average Q-value between banks at low elevations in the cross section, with the 
right bank Q-value averages significantly smaller than left bank Q-value averages.  Both the left bank and the right 
bank show respective decreases in average Q-value with increasing elevation above the thalweg, although all Q-value 
averages on the right bank are significantly lower than the Q-value average at the lowest elevation on the left bank.   
Cross section 10 is located 200 m downstream of cross section 9 along left-turning 
meander.  A bedding plane defines the thalweg but no bedding planes are distinguishable on 
either bank.  The cross section is mostly bare bedrock, with a thin veneer of fine sediment cover 
and moss in the channel center.  The bedding plane at the thalweg is approximately 0.8 m in depth 
and was consistently inundated, preventing us from making any measurements closer than 0.8 m 
to the thalweg.  The right bank is a curving surface covered by dissolution pits.  The left bank is 
substantially smoother than the right bank.  The left bank is truncated by a thickly vegetated, 
relatively flat platform at approximately 2 m above the thalweg.  Q-value average is 
approximately 35% higher on the left bank than the right bank until 1.5 m above the thalweg.  Q-
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average 
Q-Value 
(BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Left Bank) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Right 
Bank) 
0.84 Left 59.9 8.5 59.9 8.5   
0.867 Right 43.5 14.4 34.5 18.5   
1.44 Left 57.5 8.6 57.5 8.6 .16 4.0x10-15 
1.554 Right 48.0 13.8 40.4 19.0 7.1x10-11 .07 
2.02 Left 45.2 10.2 44.0 11.8 7.3x10-12 .0007 
2.408 Right 38.8 12.8 36.4 14.3 5.7x10-17 .24 
2.938 Right 37.6 10.0 37.1 10.5 7.5x10-21 .31 
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value decreases on the left bank by 25% between the thalweg and 2 m above the thalweg.  Q-
value increase by about 15% between the thalweg and 3 m above the thalweg on the right bank, 
but change in Q-value average on the right bank is only statistically significant between the 
lowest elevation average and the second lowest elevation average.  There is no statistically 
significant change in Q-value average between the lowest elevation average and the two high 
elevation averages.   
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Figure 9_11 Geometry and Schmidt Hammer Measurements at Cross Section 11: The image portrays Cross section 11 
looking upstream (note that the geometry plot is orientated in the opposite direction).  Cross section 11 occurs along a 
particularly straight segment of the river that precedes a ~3 m knickpoint.  Our Schmidt hammer measurements come from both 
the right and left banks.  Note the flow direction is perpendicular to the dip of bedding.  
	  
Cross Section 11 
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Table 2_11 Summary of Schmidt Hammer Measurements at Cross Section 11: Cross Section 11 shows 
remarkable consistency in Q-value average between opposing channel banks.  Both banks show a statistically 
significant decrease in Q-value averages with increasing elevation above the thalweg.  Q-value average decreases by 
25% between the Q-value average closest to the thalweg and the highest elevation Q-value average.   
Cross Section 11 is located approximately 200 m downstream of cross section 10 along a 
straight stretch of bare bedrock.  The thalweg and left bank are defined by bedding planes.  The 
right bank is a curved, pitted surface.  Dissolution pits are less concentrated on this bank than on 
banks of previous cross sections.  There is no statistical difference between Q-value averages of 
opposing banks.  Q-value average decreases by 25% between the thalweg and 1.2 m above the 
thalweg. 
 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average  
0.30 Left 52.2 12.3 52.2 12.3  
0.330 Right 52.8 12.1 52.1 13.2  
0.575 Right 46.8 9.5 46.1 10.5 .008 
0.60 Left 46.2 13.3 43.2 15.9 .0015 
0.882 Right 39.5 11.8 34.7 14.8 5.8x10-10 
1.198 Right 45.7 13.1 38.6 17.9 4.6x10-6 
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Cross Section 12 
Figure 9_12 Geometry and Schmidt Hammer Measurements at Cross Section 12: The image portrays Cross Section 12 
looking downstream.  Cross Section 12 occurs along a left turning bend (meander radius=21 m) that follows a ~3 m knickpoint.  
Our Schmidt hammer measurements come from the channel center and both right and left banks.  Bedding planes are not 
obvious here, but given the position of bedding planes in Cross Section 11, it is evident that Cross Section 12 is turning in an 
orientation parallel to the bedding dip for this formation. 
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Table 2_12 Summary of Schmidt Hammer Measurements at Cross Section 12: Cross section 12 shows a 
statistically significant difference in Q-value average between banks at low elevations (0.5 m) in the cross section.  
Both left and right banks show decreasing Q-value average with increasing elevation above the thalweg.  Of 
particular interest in this cross section is a relatively high Q-value average at an elevation of 1.6 m above the thalweg.  
This relatively high value (the highest in the cross section) contradicts patterns observed at most other cross sections 
at Renick Run. 
Cross section 12 is located along a left-turning bend (meander radius=21 m) below a ~3 m 
knickpoint that occurs within 40 m of cross section 11.  The entire cross section is bare bedrock, 
and black chert appears in this cross section in bands of ~30 cm in length.  We made a conscious 
effort to avoid taking Schmidt hammer measurements on surfaces that are characterized by visible 
chert bands.  The left bank (which corresponds with the inside of the bend) is a relatively smooth, 
vertical surface.  The right bank is a curved, deeply pitted surface.  Q-value average is highest at 
the channel center and at the lowest elevation above the thalweg on the left bank.  Q-value 
average decreases on the left bank by approximately 50% between 0.5 m above the thalweg and 
1.10 m above the thalweg.  On the right bank Q-value average decreases between the thalweg and 
1.3 m above the thalweg by  15%, but the Q-value average at the highest elevation above the 
thalweg is 20% higher than Q-value average  nearest the thalweg.
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average  
0.253 Right 46.6 11.5 43.5 14.7  
.51 Center 52.0 11.2 52.0 11.2 .001 
0.53 Left 54.6 11.6 53.8 12.9 .0002 
0.917 Right 42.6 10.3 38.5 14.0 .092 
1.09 Left 29.0 11.4 23.4 12.0 3.1x10-13 
1.315 Right 40.6 12.6 38.1 14.4 .053 
1.562 Right 57.0 11.3 54.5 15.0 .0002 
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Cross Section 13 
Figure 9_13 Geometry and Schmidt Hammer Measurements at Cross Section 13: The image portrays cross section 13 
looking downstream.  Cross section 13 occurs directly after the meander associated with cross section 12.  As Cross Section 13 
is orientated such that flow is parallel to bedding dip, it sits atop a series of steps.   Our Schmidt hammer measurements come 
from the right bank and left bank of the cross section. 
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Table 2_13 Summary of Schmidt Hammer Measurements at Cross Section 13: Cross section 13 shows 
discrepant Q-value averages between banks at low elevations (0.05 m above the thalweg) in the cross section, but we 
have only we set of Schmidt hammer measurements on the left bank.  The left bank only shows statistical change in 
average Q-value between 0.05 m above the thalweg and 1.4 m above the thalweg.  All Q-value averages on the right 
bank are statistically smaller than Q-value average on the left bank. 
 
Cross Section 13 is located 100 m downstream of cross section 12 at the top of a series of 
steps.  The entire cross section is bare bedrock with minor moss cover at the channel center.  Both 
banks are heavily covered by dissolution pits.  Bedrock at elevations above 0.05 m on the left 
bank was too deeply pitted to take Schmidt hammer measurements.  The Q-value average at the 
lowest elevation above the thalweg was 25% higher on the left bank than the right bank.  On the 
right bank Q-value average decreases 30% between the thalweg and 1.5 m above the thalweg.  
There is some ambiguity as to whether this cross section is located along the same broad, left 
turning meander as cross section 12.  We ultimately treat it as though it is not a meander.  
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average 
Q-Value 
(BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Left Bank) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
(Right 
Bank) 
.05 Left 54.5 8.2 54.5 8.2   
0.051 Right 44.3 12.4 41.5 14.9   
0.67 Right 43.0 13.3 38.0 16.5 1.0x10-9 .23 
1.011 Right 44.4 11.1 41.0 14.3 3.8x10-8 .87 
1.432 Right 35.2 10.9 30.1 13.4 2.9x10-5 1.2x10-21 
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Cross Section 14 
Figure 9_14 Geometry and Schmidt Hammer Measurements at Cross Section 14: The image portrays cross section 14 
looking upstream (the survey plot is oriented in the opposite direction).  Cross section 14 occurs in a very steep, narrow 
segment of the stream, just above a ~3 m knickpoint.  Our Schmidt hammer measurements come from both the right bank and 
the left bank.  The channel center was inundated during every field visit.   
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 Cross section 14 is located 200 m downstream of  cross section 13.  Cross section 14 
marks the transition from the limestone Chepultepec formation to the dolomite Beekmantown 
formation and is preceded by a distinct steepening and narrowing of the channel.  Q-value average 
changes very little with increasing elevation above the thalweg and between banks, and all Q-
value averages are within 4% of each other.  No change in Q-value average is statistically 
significant. 
 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average Q-
Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average  
.57 Left 56.1 11.0 56.1 11.0  
0.686 Right 57.9 8.6 57.9 8.6 .36 
1.039 Right 59.2 6.8 57.4 11.2 .54 
1.391 Right 56.7 7.0 56.7 7.0 .74 
1.856 Right 56.8 10.5 56.8 10.5 .75 
Table 2_14 Summary of Schmidt Hammer Measurements at Cross Section 14: Cross section 14 shows 
remarkably little variation in Q-value average between the lowest elevation Q-value average and the highest 
elevation Q-value average. 
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Figure 9_15 Geometry and Schmidt Hammer Measurements at Cross Section 15: The image portrays Cross Section 15 
looking upstream (the survey plot is oriented in the opposite direction).  Cross Section 15 occurs directly downstream of the ~3 
m knickpoint below Cross Section 14 (which is visible in the image).  Our Schmidt hammer measurements come from the rock 
extruding from the water in the image and from the rock face on the left bank. 
	  
Cross Section 15 
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Table 2_15 Summary of Schmidt Hammer Measurements at Cross Section 15: Cross section 15 shows a 
statistically significant decrease in rock strength between the lowest elevation Q-value average and Q-value averages 
at two higher elevations. Q-value average decreases by 23% between the lowest elevation sampled in the cross 
section and the highest elevation sampled.  
 
 
Cross section 15 is 20 m downstream of the knickpoint below Cross Section 14.  The left 
bank of Cross Section 15 is a bare bedrock surface with two bedding planes exposed at the base.  
The thalweg is covered by fine sand to pebble-size sediment.  The right bank supports extensive 
sediment cover, dominated by cobbles = up to approximately 0.5 m above the thalweg.  Above 
0.5 m above the thalweg, the right bank is covered by thick soil and vegetation.  The highest Q-
value average in Cross Section 12 occurs at the lowest bedding plane.  Q-value average decreases 
by approximately 20% between the thalweg and 2.5 m above the thalweg. 
 
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average 
(Center) 
0.25 Center 54.3 14.0 53.5 15.0  
0.4 Center 47.3 11.6 45.3 13.8 .007 
0.629 Left 49.6 11.4 46.6 14.6 .024 
1.17 Left 52.7 11.3 51.2 13.5 .41 
2.304 Left 47.3 10.7 43.6 14.7 .0014 
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Figure 9_16 Geometry and Schmidt Hammer Measurements at Cross Section 16: The image portrays Cross Section 16 
looking downstream.  The cross section extends beyond the limit of the image on both the right and left banks.  Bedrock 
exposure on the left bank is more extensive than on the right bank.  Our Schmidt hammer measurements come mostly from the 
left bank, from the rock island in the center of the cross section, and the rock exposed on the right bank.  Cross Section 16 
occurs directly above a ~3 m knickpoint.   
	  
Cross Section 16 
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Table 2_16 Summary of Schmidt Hammer Measurements at Cross Section 16 Cross section 16 shows a 
statistically significant decrease in Q-value average between the lowest elevation Q-value average and two elevations 
above the thalweg.  Q-value average varies by 24% between the thalweg and the Q-value average highest above the 
thalweg. 
 
 Cross section 16 is located 20 m downstream of cross section 15 above a ~3 m knickpoint.  
The center and left bank of cross section 16 is bare bedrock, with thin moss cover at the channel 
center.  In order to make Schmidt hammer measurements at the channel center, we removed some 
moss cover.  This left the surface of the rock wet and may have contributed to relatively low 
Schmidt hammer readings.  The right bank has bedrock exposure to approximately 0.5 m above 
the thalweg, above which is thick vegetative cover.  There is little change in Q-value average with 
increasing elevation above the thalweg on the left bank.  There is an overall 25% decrease in Q-
value average between the thalweg and 1.8 m above the thalweg.  
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average 
Q-Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between Lowest 
Elevation 
Average (Center 
Excluded) 
0.19 Center 35.4 11.2 31.6 13.3  
0.21 Right 52.0 11.1 52.0 11.1  
0.322 Left 47.3 15.4 47.3 15.4 .089 
0.717 Left 53.0 8.8 52.2 10.3 .91 
1.284 Left 44.8 13.8 44.8 13.8 .005 
1.785 Left 43.6 14.4 39.8 16.8 2.4x10-5 
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Figure 9_17 Geometry and Schmidt Hammer Measurements at Cross Section 17: The image portrays cross section 17 
looking downstream.  The left bank is not completely captured by the image.  Cross section 17 occurs directly after the ~3 m 
knickpoint on which cross section 16 sits.  A steep thalweg was consistently inundated to about 1 m., preventing us from 
attaining any Schmidt hammer measurements closer than 1 m to the thalweg. 
	  
Cross Section 17 
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Table 2_17 Summary of Schmidt Hammer Measurements at Cross Section 17: Cross section 17 shows a 
statistically significant decrease in Q-value average between the lowest elevation Q-value average and three 
elevations above the thalweg.  Q-value average changes by 21% in between the lowest elevation Q-value average and 
the highest elevation Q-value average. 
 
Cross section 17 is located 40 m downstream of the knickpoint at cross section 16.  The 
right bank is a vertical, bare bedrock surface defined by bedding planes.  The thalweg is also 
defined by bedding planes.  The thalweg is covered by cobbles.  Fine sand to pebble-size 
sediment cover the area of the cross section from the thalweg to 0.5m above the thalweg on the 
right bank.  Q-value average decreases systemically with increasing elevation above the thalweg.  
Q-value average decreases by 25% between the thalweg and 3 m above the thalweg.  
 
 
 
  
Elevation 
above 
Thalweg 
(m) 
Bank 
Position 
Average Q-
Value 
Standard 
Deviation 
Average Q-
Value (BDL 
Included) 
Standard 
Deviation 
(BDL 
Included) 
p-Value: 
Difference 
between 
Lowest 
Elevation 
Average 
1.017 Right 61.9 10.9 61.9 10.9  
1.694 Right 56.2 13.8 54.5 15.9 .007 
2.558 Right 54.0 8.4 54.0 8.4 .0001 
3.078 Right 49.4 13.1 48.0 14.7 3.6x10-7 
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Schmidt hammer Measurements on Exposed Rocks on Hillslopes 
 
 We recorded Schmidt hammer measurements on rock outcrops of the Chepultepec and 
Beekmantown within ~5 km of Renick Run.  These outcrops occur along road cuts on Route 11 
near Natural Bridge.  Route 11 was constructed within the last 80 years, and in some places the 
cores drilled for dynamite blasting are still present.  These outcrops are capped by ~10-50 cm of 
soil.  We took Schmidt hammer measurements in the same 0.25 m by 0.25 m quadrat used to take 
Schmidt hammer measurements in cross sections 1-17.  We took 50 cm measurements per 
quadrat.  Schmidt hammer measurements are summarized in Table 3. 
 
 
	  
	  
	  
	  
 
 
 
 
 
 
 
 
Formation Average 
Q-Value 
Standard 
Deviation 
Chepultepec_1.1 55.5 7.5 
Chepultepec_1.2 51.9 10.7 
Chepultepec_2 45.9 10.4 
Chepultepec_3 50.4 6.9 
Beekmantown_1 53.2 9.9 
Figure 10 Examples of Schmidt hammer 
sampling sites at Road Cuts: Chepultepec_1 is 
pictured on the left and Chepultepec_3 is pictured 
above.  Schmidt hammer measurements were taken 
inside of the same 0.25 m by 0.25 m quadrat used to 
take Schmidt hammer samples in cross sections 1-
17.  Note the blast core evident near the 
Chepultepec_3 sampling location. 
Table 3 Summary of Schmidt hammer 
Measurements Taken from Hillslopes: Q-
value averages varied from 45.9 to 53.5 at 
various road cuts along Route 11 in the 
vicinity of Renick Run.  We did not record any 
Schmidt hammer values that were Below 
Detection Limit.     
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Discussion 
Using the Schmidt hammer Q-value as a proxy for rock compressive strength, we show 
that rock compressive strength varies significantly at both the cross sectional scale and between 
cross sections along a 2 km stretch of Renick Run.  Research suggests that rock tensile strength is 
an adequate proxy for erodibility (Sklar and Dietrich, 2001).  We therefore infer that changes in 
Q-value average reflect actual rock erodibility.  While we do not have data to corroborate the link 
between rock strength and weathering for the cross sections presented, previous research suggests 
a link between mechanical and chemical weathering and rock compressive strength measured 
with a Schmidt hammer (Sparacino, 2012).  We speculate that decreasing rock compressive 
strength observed in cross sections indicates enhanced weathering of rock relative to the thalweg, 
whether by mechanical or chemical means.   
In order to explore general patterns in rock compressive strength between cross sections, 
we sometimes combine data from multiple cross sections on a single plot.  To compare Schmidt 
hammer measurements taken at different elevations in different cross sections, we plot rock 
strength values against recurrence interval (see Methods).  Even though calculated recurrence 
intervals inherently include substantial error, we have assumed that the error is systematic 
between cross sections for our study section.  We assume that all rock included in our study area 
has a similar fresh rock value, which is supported by similar maximum Schmidt hammer Q-values 
recorded in each formation (Fig. 11).  Figure 11 shows all individual Schmidt hammer 
measurements, presented elsewhere as quadrat averages.  At low recurrence intervals (0-1 years), 
we observe maximum Q-values of approximately 80 in cross sections in each formation.  We 
similarly observe maximum Q-values of approximately 80 in most cross sections.  Although the 
range of Q-value averages within each formation vary widely, we infer that similar maximum 
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rock strength values that are below the highest rock strength detectable by the Schmidt hammer 
(Q-value=90) and that occur in each formation represent rock strength of fresh rock surfaces. 
 
Consistency of Decreasing Rock Strength above Thalweg  
We observe a statistically significant decrease in rock strength with increasing elevation 
above the thalweg (increasing recurrence interval) in 14 of 17 cross sections.  Our observations in 
the field support the assumption that rock is homogenous in cross sections and that difference in 
rock strength is not related to lithologic properties, such as mineralogical variability (e.g. presence 
Figure 11 Consistency in High Rock Strength 
Values between Geologic Formations:  The Schmidt 
hammer measures rock compressive strength on a 
scale from 13 to 90.  We observe a range of values 
from below 13 to 82.5.  The high rock strength value 
in each formation ranges between formations from 77 
to 82.5.  Plotted are the individual Schmidt hammer 
measurements taken at each cross section for each 
formation against its respective recurrence interval.  
The consistency of maximum Q-values that are below 
the highest detectable compressive strength suggest 
that rock in each formation has a similar fresh rock 
strength. 
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of chert).  In the three cross sections where there is no statistical decrease in rock strength with 
increasing elevation there is also no statistically significant increase in rock strength.  We plot 
each Schmidt hammer quadrat average as a percentage change from the lowest elevation Schmidt 
hammer quadrat average in its respective cross section using Q-value averages that include values 
that were Below Detection Limit (Fig. 12).  We plot percentage change in rock strength against 
recurrence interval of flow that reaches the height of the measurement.  Figure 12 shows that rock 
strength both decreases and increases relative to rock strength at the thalweg at low recurrence 
intervals, which reflects rock strength variation between banks.  At relatively high recurrence 
intervals (>5 years), rock strength almost always decreases with respect to rock nearest the 
thalweg.  In general, rock strength values that decrease relative to the thalweg outnumber rock 
strength values that show no change or increase relative to the thalweg by a factor of four.  This 
Figure 12 Change in Q-Value vs. 
Recurrence Interval for Each 
Cross Section: In each cross section 
we identified the Schmidt hammer 
quadrat average at the nearest the 
thalweg and subtracted it from each 
Schmidt hammer quadrat average at a 
higher elevation in respective cross 
sections (labeled 1-17).  The 
differences are expressed as a 
percentage change in Q-value 
average.  By this measure, any value 
less than 0 represents a decrease in 
rock strength with increasing 
elevation in the cross section.  Note 
that at low recurrence intervals there 
is substantial scatter, but that the 
majority of values are less than zero.   
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observation strongly suggests that decreasing rock strength with increasing elevation above the 
thalweg is a common phenomenon at Renick Run.   
Several observations lead us to speculate that the broadly systematic change in rock 
compressive strength as measured by the Schmidt hammer is reflective of differential weathering 
between segments of the cross section that are frequently inundated (low recurrence interval) and 
those that are less frequently inundated (high recurrence interval).  Figure 11 suggests that the 
bedrock in our study segment has a similar fresh rock compressive strength.  Figure 12 shows that 
rock strength close to the channel thalweg is typically greater than rock strength on channel 
margins, usually on the order of 20-40%.  Because rock strength decreases with elevation in 
nearly every cross section and the vast majority of Q-value averages decrease with increasing 
elevation in their respective cross sections, we assume that a single process is responsible for the 
production of relative rock weakness on channel margins.  Murphy (2010), Lamp (2011) and 
Sparacino (2012) made similar observations at various channel cross sections using similar 
methods, and additionally used geochemical evidence to link decreasing rock strength to 
weathering.  Because our observations are similar to those made by other studies that suggest that 
weathering is an active process in channels, we infer that decreasing rock strength in cross 
sections at Renick Run reflects weathering of rock.  Hancock et al. (2011) suggest that weathering 
preferentially acts on channel margins rather than rock at the channel thalweg, due either to 
protection of the thalweg by frequent inundation or relatively rapid scouring of weathered 
material at the thalweg.  Our data support the hypothesis that weathering acts preferentially on 
channel margins at Renick Run.    
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Range of Observations: End Member Examples 
The 17 cross sections presented show widely variable patterns in rock strength and 
geometry.  In a very basic sense, our hypothesis is supported in some cross sections, where cross 
sections with relatively low variability in rock erodibility have a narrower geometry and steeper 
slope than those cross sections with variable rock erodibility.  We compare two cross sections: 
cross section 11, which shows statistically significant change in rock strength and cross section 
14, that which shows no significant variation in rock strength.  Cross section 11 is wider and 
shallower sloping than cross section 14 (Fig. 13).  Numerical modeling suggests that cross 
sections in which rock erodibility varies evolve to wider equilibrium geometries than cross 
sections where rock erodibility does not vary.  The most narrow of 17 cross sections at Renick 
Run, cross section 14, shows no significant variability in rock compressive strength.  In 
comparison, many cross sections that show significant variation in rock erodibility are several 
meters wider than cross section 14 (we compare width at the same recurrence interval between 
cross sections).  Rock strength can vary significantly between channel banks of the same cross 
section at nearly identical elevations about the thalweg, which complicates a direct comparison 
between variable rock erodibility and geometry.  We use cross section 10 as third end member 
cross section, in which rock strength varies significantly between banks (Fig. 14).  Rock 
compressive strength is 50% higher on the river right bank than the river left bank at ~1.0 m 
above the thalweg.  An analogous difference in rock strength between channel banks is observed 
in six other cross sections.  These cross sections all coincide with a meander, and high rock 
strength tends to occur on the inside of meanders. 
	  
 
73	  
  
 
Figure 13 End Member Example Cross Sections: Cross Section 11 and Cross Section 14: Cross 
section 11 shows a statistically significant decrease in rock compressive strength with increasing elevation 
above the thalweg, whereas cross section 14 shows no statistically significant change in rock strength.  At 
a recurrence interval of three years, cross section 11 is twice as wide as cross section 14.  These cross 
sections show a relatively unambiguous link between patterns in rock compressive strength and cross 
sectional geometry. 
Cross Section 11 Cross Section 14 
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Rock Strength in Meandering Segments 
 Cross sections 3, 4, 5, 6, 8, 9, 10 and 11 occur along meanders at Renick Run (meander 
radius of 17-39 m).  Cross sections 5, 6, 8, 9, 10 and 11 have rock exposure on both banks where 
we were able to take Schmidt hammer measurements.  In cross sections 6, 8, and 9 the lowest 
elevation Q-value average on the inside of the meander is statistically greater than any other Q-
value average in the cross section.  In cross sections 5 and 10, two Q-value averages on the inside 
of a meander are statistically similar, and both are statistically greater than every other Q-value 
average in the cross section.  In cross section 12 the lowest elevation Q-value average on the 
inside of the meander is statistically greater than every other Q-value average in the cross section 
with the exception of the highest elevation Q-value average.  Cross section 10 is also the only 
Cross Section 10 
Figure 14 Example of Variable Rock Strength at Similar Elevations: Cross section 10 is a relatively narrow segment 
of the stream (compare with cross section 14) and also has relatively low rock strength values.  Cross section 10 is also a 
representative example of a cross section in which rock strength varies between at similar elevations.  Rock strength 
values taken within 10 cm vertically on different banks are statistically different at ~1 m above the thalweg and ~1.5   m 
above the thalweg.   
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cross section in which the highest elevation Q-value average is the greatest Q-value average in the 
cross section.  
 We find that Q-value averages on the inside of meanders are statistically greater than Q-
value averages on the outside of meanders (Fig. 15).  In order to ensure that every average Q-
value has an equal number of measurements, we use only Q-value averages that do not include 
values Below Detection Limit (BDL).  Due to limited bedrock exposure, all Schmidt hammer 
quadrats placed on the inside of meanders occur below the 10-year recurrence interval.   We 
therefore take the average of all Q-values that occur on the inside of meanders and test for 
statistical difference between all Q-value averages that occur on the outside of meanders in the 
same cross sections below the ten year recurrence interval using a one-tailed, two sample T-test.  
The average Q-value for the inside of meanders is 52.3 ± 10.5 and 44.1 ± 4.1 for the outside of 
Figure 15 Comparison of Rock Strength on 
the Inside and Outside of Meanders: We 
observe that rocks on the inside banks of 
meanders are consistently stronger than those 
that occur on the outside banks of meanders in 
six cross sections.  We plot all Q-value 
averages taken from the inside of meanders in 
green triangles and all Q-value averages taken 
from the outside of meanders in orange circles.  
Because we also see a decrease in rock 
strength with increasing elevation above the 
thalweg in inside-meander samples, we plot 
lines of best fit for Schmidt hammer 
measurements taken from the same cross 
section.  Due to rock exposure, Schmidt 
hammer measurements were only taken up to a 
recurrence interval of 10 years.  We only 
compare inside-meander Q-value averages wit 
outside-meander Q-value averages up to a 
recurrence interval of 10 years. 
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meanders, which is statistically significant at the p=.008 level.  This is a relatively conservative 
representation of difference in Q-value average between channel banks because we exclude 
values that are BDL.  More BDL values occur on the outside of meanders than the inside of 
meanders, which would accentuate the statistical significance in rock strength measured between 
opposing banks in meandering segments.   
 We have limited evidence to support a process-based explanation for the difference in 
bank strength in meandering segments.  One explanation may be heterogeneity in the rock, such 
as the presence of chert that went unrecognized during data collection. We find this explanation 
unlikely because we made careful note of rock surfaces before taking measurements and avoided 
surfaces with apparent rock heterogeneity (such as chert nodules).  Additionally, surfaces on the 
inside of meanders are qualitatively smoother than their corresponding outside meander banks, 
which suggests that bedrock on the inside of meanders is less weathered and/or more recently 
scoured.  We speculate that pools lead to differences in shear stress between the inside of 
meanders and adjacent outside of meanders, such that depth of water is greater on the inside of 
meanders than the outside of meanders, even during the same flood stage.  Differential shear 
stress would bring fresh bedrock to the surface preferentially on the inside of meanders.  
Alternatively, the inside of meanders may receive greater supply of sediment than adjacent 
outside of meanders.  During relatively large floods, sediment ranging from fine sand to cobbles 
may be deposited on the inside of meanders; we observe deposited sediment on the inside of 
meanders at some locations (e.g. Fig. 16).  Sediment deposited on the inside of meanders must be 
mobilized in close proximity to rock on the inside of meanders during large flood events, which 
may lead to preferential scouring of rock on the inside of meanders.   
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Differences in Rock Compressive Strength between Geologic Units 
Renick Run incises three early-Paleozoic carbonate units, in downstream order of 
occurrence the Conococheague, the Chepultepec and the Beekmantown.  Rock exposures sampled 
in the Chepultepec consistently have high Q-value averages (>55 Q-value average), which tend to 
occur on the inside of meandering segments.  We show that the Chepultepec also has a higher 
proportion of weak rocks than the Conococheague and the Beekmantown.  The majority of our 
measurements are taken in the Chepultepec, with eight cross sections in the Chepultepec and four 
cross sections in both the Conococheague and Beekmantown respectively.  We have no Schmidt 
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Figure 16 Sediment Deposition on 
the Inside of Meanders:  At some 
meanders we observe sand to cobble 
size sediment deposited on the inside 
of meanders.  The inside meander of 
Cross section 3 is pictured here; the 
inside of the meander at cross section 
3 does not have exposed bedrock.  
We hypothesize that the distribution 
of sediment along other meanders 
may provide tools that preferentially 
scour rock on inside of meanders, 
although we do not observe sediment 
deposition as extensive as that at 
cross section 3 at other meandering 
segments. 
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hammer measurements from rock on the inside of meanders in the Conococheague and 
Beekmantown due to limited rock exposure.  For this reason, we remove Schmidt hammer 
measurements taken on the inside of meanders when we compare Schmidt hammer values across 
formations.  Because we observe a statistically significant decrease in rock strength with 
increasing elevation above the thalweg in the majority of cross sections, we bin Q-value averages 
by recurrence intervals 0-1 years, 1-10 years, and above 10 years.  These intervals are arbitrary 
but yield a reasonable distribution of Schmidt hammer samples per formation.  Because different 
sampling locations returned varying levels of BDL measurements, we also only compare Q-value 
averages that do not include BDL values.  In this way, each Q-value average is weighted equally.  
We use a one-tailed, two sample T-test to compare Q-value averages across formations (Fig. 17).   
Below a recurrence interval of 1 year, the Conococheague and Beekmantown have an average Q-
value of 50.6 and 51.0 respectively, 
Figure 17 Difference in Rock Strength 
between Geologic Formations: We 
compare rock strength values between the 
Chepultepec formation and combined 
Beekmantown and Conococheague 
formations.  Because we observe decreasing 
rock strength with increasing elevation 
above the thalweg in the majority of cross 
sections, we bin Q-value averages by 
recurrence interval.  We arbitrarily choose 
recurrence interval bins of 0-1 years, 1-10 
years and >10 years.  The Chepultepec 
formation has statistically lower rock 
strength than the combined Conococheague 
and Beekmantown at recurrence interval 
bins 0-1 years and 1-10 years at the p=.01 
level.  There is no statistical difference in 
rock strength between the Chepultepec and 
combined Conococheague and 
Beekmantown in the >10 year recurrence 
interval bin.    
                      Q Value 
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both of which are statistically greater than the Chepultepec  (46.0) at the p=.05 level.  Both the 
Conococheague and the Beekmantown have approximately half as many sample sites above a 
recurrence interval of 1 year as the Chepultepec.  So that we compare binned averages of similar 
sample size, we combine all Conococheague and Beekmantown Q-value averages for comparison 
with the Chepultepec.  The Chepultepec has a statistically lower average Q-value at the p=.01 
level than the combined Conococheague and Beekmantown Q-value averages in the 0-1 year 
recurrence interval bin and the 1-10 year recurrence interval bin.  Above the 10-year recurrence 
interval there is no statistical difference in Q-value between formations.   
We also compared average decrease in Q-value in cross sections from different formations 
within binned recurrence intervals of 0-1 years, 1-10 years and greater than 10 years.  We use a 
metric similar to that in Fig. 14, where we calculate the relative change of each Q-value average 
with respect to the lowest elevation Q-value in its respective cross section.  In Fig. 18, we show 
the average percentage change in Q-value from the greatest Q-value in each respective cross 
section.  We use Q-value averages with BDL values included to make these calculations.  Q-
values taken from the inside of meanders influence the percent change in rock strength on a cross-
sectional basis, but are not included themselves in the cross-formation comparison.  We show that 
the change in rock strength observed in the Chepultepec is greater than that observed in combined 
Conococheague and Beekmantown formations at the p=.01 level in the 0-1 year recurrence 
interval and the 1-10 year recurrence interval bin.   
These data show that Chepultepec rocks are not only weaker than rocks in the 
Conococheague and Beekmantown, but that they also undergo greater change in rock strength.  
We speculate that the greater change in rock strength observed in the Chepultepec relative to the 
Conococheague and Beekmantown is due to different extent of weathering.  This speculation is 
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corroborated by our qualitative observations of surface roughness in the form of pitted rock 
surfaces that occur only in the Chepultepec.  Difference in weathering between formations is 
potentially related to the bulk composition of the rock (e.g. percent matrix), although it is difficult 
speculate further as to why the Chepultepec might weather differently than the Conococheague or 
Beekmantown because we lack geochemical data. 
  
 
Assessing the Relationship between Channel Form and Rock Strength 
The model developed by Hancock et al. (2011) suggests that the extent weathering acting 
in channels influences channel geometry and slope, such that greater weathering of rock increases 
rock erodibility which, in turn, promotes the evolution of wider channel cross sections with 
relatively shallow slopes.  We therefore hypothesize a relationship between rock strength and 
channel geometry.  In order to test this hypothesis, we compare channel width with change in 
Figure 18 Change in Rock Strength in 
Cross Sections in Different Geologic 
Formations: We compare the change in 
rock strength in cross sections in the 
Chepultepec formation and the 
Conococheague and Beekmantown 
formations combined.  For each cross 
section, we calculated the percentage 
decrease in Q-value average relative to the 
highest Q-value average in its respective 
cross section.  We then averaged percent 
decrease in recurrence interval bins of 0-1 
years, 1-10 years and >10 years.  Using a 
one-tailed, two sample T-test, we observe a 
statistically significant difference in percent 
decrease in rock strength between the 
Chepultepec formation and the combined 
Conococheague and Beekmantown 
formations in the 0-1 year and 1-10 year 
recurrence interval bins.  
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elevation for each cross section.  Because the Chepultepec has weaker (i.e. more weathered) rock 
than the Conococheague and Beekmantown, we compare width-to-depth relationships for each 
cross section based on geologic formation.  We see no consistent variation in channel width or 
width-to-depth relationship between formations.  In one extreme example, two cross sections, 
cross section 10 and cross section 14, have almost identical width-to-depth relationships even 
though they occur in the Chepultepec and Beekmantown, respectively.  Cross section 10 shows 
significant variability in rock erodibility whereas cro ss section 14 is one of few cross sections 
that shows no variability in rock erodibility (Figs. 12 and 13).  More generally, Figure 19 shows 
that there is no obvious correlation between cross sectional geometry and rock strength.  Slope 
Figure 19 Cross Sectional 
Geometry by Geologic 
Formation: We compare cross 
sectional channel width vs. 
elevation above the thalweg on 
the basis of geologic formation.  
We use survey data to 
interpolate width at 1 cm 
vertical steps in each cross 
section.  We see no consistent 
variation in cross sectional 
geometry with geologic 
formation, from which we infer 
that there is no obvious 
relationship between cross 
sectional geometry and rock 
strength. 
Cross Section 14 
Cross Section 14 
Cross Section 10 
Cross Section 14 
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changes relatively frequently over our 2 km study segment, sometimes in close proximity (within 
10 m) to our cross sections.  It is possible that some cross sections have been recently abandoned 
via slope replacement and have not yet evolved to an equilibrium geometry.  We may not observe 
a link between variability of rock erodibility and channel geometry because many of our cross 
sections may not exhibit equilibrium geometry.    
Although we observe no obvious relationship between rock strength and cross sectional 
geometry, we observe an apparent correlation between rock strength and stream sinuosity.  
Stream sinuosity is the ratio of channel length to valley length and is a commonly used measure 
of channel meandering (e.g. Stark et al., 2010).  We measured the sinuosity of Renick Run by 
geologic formations using RiverTools, which calculates sinuosity for a user defined stream 
segment (Fig. 21).  We used geologic mapping in conjunction with our field observations to find 
the sinuosity of the reaches over which we have rock strength measurements.  We extended the 
segment over which sinuosity was measured for the Conococheague and Beekmantown 
formations, which cap the upstream and downstream section of our study segment, in order to 
characterize broader trends in the longitudinal form of the stream; extending the segment beyond 
our cross sections did little to change sinuosity.  Sinuosity measurements are summarized in Table 
4.  We find that the Chepultepec formation has a higher sinuosity (1.35) than both the 
Conococheague and the Beekmantown formations (1.19 and 1.11, respectively).  Because we 
limit our sinuosity measurements to reaches over which we have rock strength measurements, we 
calculate sinuosity over reaches that range from 0.5 km to 1 km.  As we use a DEM with 10 m 
resolution, there is error introduced by the raster-to-vector conversion that precedes our sinuosity 
measurement.  Error is likely mitigated by the width of Renick Run, where several cross sections 
are 10 m or wider.  Additionally, the sinuosity calculated by RiverTools corresponds with our 
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qualitative observations of meandering at Renick Run.  Reach lengths are roughly consistent with 
reach lengths used to measure sinuosity in bedrock channels (Stark et al., 2010).  The variation in 
sinuosity that we observe also spans the range of sinuosity observed in bedrock channels by Stark 
et al. (2010), suggesting that changes in stream sinuosity are substantial.   
Stark et al. (2010) found that stream sinuosity varies by rock type, where sinuosity is 
greater in weaker rock types.  The three formations that Renick Run incises likely have similar 
fresh rock value (Fig. 11).  Our Schmidt hammer data suggest that the Chepultepec formation 
weathers differently than the Conococheague and Beekmantown formations because it contains 
rock that is statistically weaker than rock in Conococheague and Beekmantown.  We therefore 
suggest that differences in channel sinuosity are related to extent of weathering.  This finding is 
similar to that made by Stark et al. (2010) where weak rock, here a product of weathering rather 
than lithology, correlates with high sinuosity.  In this way we combine the ideas developed by 
Hancock et al. (2011), who show that increasing weathering in channel cross sections increases 
the efficacy of lateral erosion, and Stark et al. (2010), who show that lateral erosion in channels 
generates meandering.  This observation implies that weathering of bedrock in channels is not 
necessarily expressed in cross sectional geometry but rather in the planform of the channel.   
Geologic Formation Sinuosity (m/m) Reach Length (km) Average Q-Value 0-1 
Year Recurrence Interval 
Conococheague 1.19 0.92 50.6 
Chepultepec 1.35 1.06 46.0 
Beekmantown 1.11 0.58 51.6 
Table 4 Channel Sinuosity by Geologic Formation: We observe differences in channel sinuosity between 
geologic formations.  Increasing sinuosity corresponds with higher average Q-value.  Stark et al. (2010) average 
channel sinuosity for streams of different rock types.  Their average sinuosities range from 1.1 to 1.5. 
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Figure 21 Sinuosity Measurements using RiverTools: We 
measure sinuosity at Renick Run on the basis of geologic 
formation.  RiverTools measures the sinuosity of a user 
defined reach.  We use geologic mapping and our field 
observations to determine the position and length of the 
reaches over which to measure sinuosity.  An image was 
exported from RiverTools after each sinuosity measurement.  
The red, blue and white lines all represent Renick Run (which 
reaches the James River in the bottom portion of each plot).  
The white line is the user defined segment over which 
sinuosity is measured.  The red and blue lines indicate the 
upper and lower segments of the river that are not included in 
the analysis.     
Chepultepec 
Conococheague 
Beekmantown 
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General Rock Strength Observations: Renick Run vs. Hillslopes 
 We observe a Q-value average range of 23.4 to 67.2 at Renick Run, with the strongest 
rock located near the thalweg and weaker rock typically on the channel margins.  The Q-value 
average range that we observe on the river encompasses the range of values that we observe at 
road cuts in the vicinity of Renick Run along U.S. Rt. 11.  Q-value averages taken from road cuts 
varied from 55.5 (a relatively high Q-value average for Renick Run) to 45.9.  We assume that the 
rock exposed at road cuts is representative of rock exhumed via hillslope processes.  Because we 
observe rock strength values at Renick Run that are greater than those observed at road cuts, we 
speculate that rock brought to the surface by fluvial erosion is less weathered than rock brought to 
the surface by hillslope processes.  This observation corroborates other evidence that bedrock 
channels set the rate at which hillslopes evolve (Burbank et al., 1996), as we show that bedrock 
denudation is focused in channels.  These data also suggest that rock on channel margins is 
weaker than rock exhumed by hillslope processes.  Rock in the active channel that is more 
weathered than rock on hillslopes may indicate that lateral erosion in rivers outpaces lateral 
erosion of hillslopes.  In this scenario, the rate of hillslope erosion would be inextricably linked to 
the rate of lateral channel erosion. 
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Conclusions 
 
 Rock compressive strength decreases between the thalweg and channel margins in 14 of 
17 cross sections at Renick Run.  Maximum decrease in compressive strength in cross sections 
varies from 21-58%.  We assume that decreasing rock compressive strength indicates increasing 
rock erodibility.  We further speculate the decreasing rock compressive strength is indicative of 
subaerial weathering, which acts predominantly on channel margins.   
 On a very basic level, we identify a correlation between rock erodibility and channel 
geometry and slope.  The narrowest, steepest cross section of our 17 cross sections shows no 
change in rock erodibility while wider, shallower sloping cross sections often exhibit increasing 
rock erodibility between the thalweg and channel margins.  Variation in channel geometry and 
slope in most cross sections does not correlate with changing rock erodibility.  
 We present evidence that three carbonate formations flooring Renick Run have similar 
fresh rock erodibility, but that one formation shows statistically greater change in erodibility than 
the other two formations.  The formation that shows the greatest change in erodibility is 
characterized by bedrock meanders, and we estimate stream sinuosity is highest in this formation.  
Broadly, these observations suggest that weathering preferentially increases the erodibility of 
channel banks in bedrock rivers and enhances the efficacy of lateral channel erosion.  
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Future Research 
 
Our results suggest that weathering influences erosion in bedrock channels.  We use a 
Schmidt hammer to measure rock compressive strength, which we assume to be an adequate 
proxy for rock erodibility, and suggest that variation in Schmidt hammer measurements are 
reflective of weathering.  Our data set lacks evidence to definitively show that weathering is 
responsible for the variation we see in Schmidt hammer measurements.  Geochemical data 
derived from rock cores and surface roughness measurements would provide more insight as to 
whether weathering is actually acting on cross sections at Renick Run.  We also lack precise 
discharge and high-resolution geospatial data for Renick Run, which limits our ability to make 
inferences about frequency of inundation and stream power at each cross section.  Continuing 
similar work (collecting Schmidt hammer measurements, surface roughness data, etc.) on streams 
for which high-resolution DEMs and gauging data are available could better constrain reach slope 
and discharge, and thereby erosion rate, in cross sections.  Because erosion rate is hypothesized to 
limit weathering, better confining erosion rate at the cross sectional scale would allow an easier 
assessment of the relationship between variable erodibility and channel geometry.  
Our identification of bedrock meanders was somewhat unexpected, and much remains to 
be explored regarding rock erodibility in meandering bedrock streams.  Our observations suggest 
that rock on the inside of bedrock meanders is eroded more rapidly than adjacent outside 
meanders; we struggle to explain this phenomenon.  We also observe an apparent competition 
between the tree line and bedrock surfaces in the Chepultepec formation (a weathered, 
meandering segment of Renick Run), which may be a product of lateral channel erosion.  It may 
be possible to differentiate hillslope processes that occur adjacent to meandering reaches from 
those that occur adjacent to non-meandering reaches (i.e. the potential for mass wasting).  
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Appendix A: Calculating Meander Radius 
We use imagery from Google Earth to calculate the meander radius of each cross section.  
Cross sections were identified in Google Earth using GPS coordinates recorded at each cross 
section.  Because we initially used a different naming scheme for cross sections, the name 
associated with each pin is irrelevant.  Please refer to the label “CS X” to identify cross sections 
in each image. 
Cross Sections 1 and 2 
Cross Sections 3, 4 and 5 
Cross Section 6 Cross Section 7 
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Cross Sections 8 and 9 Cross Section 10 
	  
 
97	  
 
 
 
 
 
Cross Section 14 Cross Section 15 
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